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Finite Element Analysis of Interfacial Failure Mechanisms 
in Fib re-Rein forced Composites 
The failure of the interfacial bond between a fibre and the surrounding matrix during 
the tensile loading of a composite is considered as a multi-stage progression, in which 
each stage is characterised by various key parameters. Non-linear phenomena, such as 
matrix plasticity, interface crack growth together with the associated frictional stress 
transfer, and the propagation of matrix cracks are characteristic features of interfacial 
failure and are key to determining the reinforcement capability of the fibre. Finite 
element analyses of 2-D single and 3-D multi-fibre systems have been performed for 
carbon and Kevlar-49 fibre-epoxy matrix composites, incorporating various modes of 
interfacial failure and the systemic non-linearities. Thermal residual stresses, as well 
as fibre end fibrillation in Kevlar-49 fibres have also been included in the models. For 
the multi-fibre analyses, the redistribution of stress in the surrounding intact fibres 
caused by the fracture of a given fibre has been investigated with a view to 
establishing its influence on global lamina failure mechanisms. The predicted fibre 
stress profiles were correlated with experimental Laser Raman Spectroscopy data in 
order to validate the interfacial failure modes associated with the various composite 
systems. 
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1.1 Composite Materials 
The majority of materials found in both nature and the industrialised world are a 
combination of two or more components, which furnish them with unique and 
superior properties when compared with homogeneous materials. Muscle, bone, 
wood, fibre-reinforced plastics, steel-reinforced concrete as well as concrete itself are 
all examples of composite materials on the macroscopic or microscopic scale. 
Composites are defined by a bulk material, or matrix, within which are interspersed 
smaller components, or reinforcers. The combination of two materials to form a new 
material with optimal properties is a form of synergy, in the sense that the properties 
of the new whole exceed those of the sum of the individual parts. Composites may be 
broadly separated into the categories of particulate (e. g. cement) and fibre-reinforced 
(e. g. carbon fibre-reinforced plastics). The current research is concerned with fibre- 
reinforced plastics. 
In characterising the constituent components of a fibre-reinforced composite, matrix 
materials tend to be compliant and tough whereas fibres are relatively stiff and brittle, 
with the ratio of fibre to matrix elastic moduli being of the order of 10 - 1000. 
Common examples of fibres are carbon, aramid, glass and ceramic, and examples of 
matrices are polymers, metals and rubbers. Generally, when a matrix is reinforced 
with fibres, the resultant composite has a stiffness and strength close to that of the 
fibres, but possesses chemical and crack propagation resistances similar to those of 
the matrix. It is the combination of these properties that endows composites with 
superior performance. A composite component part, depending on the intended 
application, may be designed as to possess exceptional properties in a particular area, 
such as strength in a particular direction or a high stiffness to weight ratio (i. e. high 
specific stiffness), with a trade-off of other properties. 
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Man-made fibre-reinforced composites consist of laminae, or plies, which are sheets 
of matrix with multiple embedded fibres arranged either in a parallel manner, as in the 
case of unidirectional laminae, or in a random fashion. A composite laminate is made 
up of multiple laminae stacked according to a stacking sequence in order to optimise 
elastic properties in certain directions. Fig. 1.1 shows a 0/900 cross-ply laminate, 
which is a fairly common type. Individual laminae consist of either short fibres, 
usually in a random dispersion in the matrix (Fig. 1.2(a)), or long (continuous) fibres 
(Fig. 1.2(b)) arranged in a unidirectional manner. 
1.2 The Interface 
Any reinforcing component in a composite system increases the stifffiess and strength 
of the matrix material in which the reinforcing component is embedded. This is by 
virtue of the integrity of the bond at the interface that exists between the reinforcer 
and the matrix. Thus, the fibre-matrix interface is the most critical and complex area 
in any fibre-reinforced composite material. 
The interface is more accurately described as a discrete interphase region that divides 
the reinforcer and the matrix phases. This region, a few nanometers in thickness, is 
characterised by the presence of voids or microscopic bubbles of trapped gases, as 
well as other impurities absorbed during the fabrication of the composite. 
Additionally, there exist micro-cracks produced by the high local shrinkage-stresses 
induced by the cooling of the composite during the curing stage of fabrication [1]. 
The carbon fibre-epoxy matrix system interface is additionally complex due to the 
reactivity of the carbon fibre surface. The surface-reactivity is a major contributor to 
the strong bonding of carbon fibres. If the fibre is oxidation pre-treated, such as with 
an acid or other coupling agent, the resulting chemical functional groups fonn 
preferentially at the basal plane edges of the fibre surface [1], thus encouraging 
bonding with the surrounding epoxy matrix. Such pre-teatment effectively increases 
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the bond strength of the interface and thus suppresses interfacial cracking when the 
composite specimen is loaded to high levels of applied strain. Furthermore, when 
macro-molecules of polymer matrix bond to a fibre surface, they show a constraint in 
their degree of freedom to polymerise [2]. This incomplete polymerisation contributes 
to the creation of interphasial elastic properties that differ from those of the bulk 
matrix. 
The various physio-chernical flaws endemic to the interphasial region exist at the 
microscopic level, essentially reducing the ability of the interface to act as a perfect 
bond between the reinforcer and matrix. Consequently, the macroscopic properties 
such as the failure strength of the interface is correspondingly reduced. Further, the 
intricate mechanisms of interfacial failure will be necessarily influenced by the 
presence of these anomalies. 
1.3 Interfacial Failure 
Interfacial failure occurs in most fibre-reinforced composite systems after any 
significant level of loading has been applied to them. The importance of this type of 
failure is that it is the root stage of macroscopic failure in the system, and hence can 
lead to catastrophic global failure of the composite component. In order to visualise 
and obtain an appreciation of the nature of this form of failure, consideration of the 
mechanical response of a simple composite geometry is necessary. 
When a single fibre-reinforced composite specimen is subjected to a given tensile 
loading the matrix will deform in response to the loading system, but this deformation 
will be constrained by the stiffer reinforcing component. Throughout this research, 
consideration will be given to tensile loading which is a common forrn of loading. 
During reinforcement, there is stress transfer between fibre and matrix in which the 
fibre sustains significantly higher stresses than the matrix, thus reinforcing the 
deforming matrix. As shown in Fig. 1.3, this stress state is created through the 
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existence of shear stresses induced at the interface. The overall stiffiriess of the 
specimen has thus increased due to the presence of the bonded reinforcing fibre. 
For the initial low levels of applied strain, a linear-elastic stress transfer regime will 
prevail across the interface, but as this loading is increased, stresses will be induced at 
the interface that will exceed the failure stress. The breakdown in linear-elastic stress 
transfer and the series of events that ensue which reduce the fibre's capability to 
reinforce the matrix, are collectively known as interfacial failure. This series of 
events, the commencement of each of which may be specified, form a progression of 
failure of the interface, thus permanently reducing the interfacial bond integrity. 
Characteristic features of the various stages are localised yielding of the matrix in the 
interfacial area, the initiation of cracks at the fibre end, and the subsequent 
propagation of cracks either into the matrix or along the interface. Accounting for 
such phenomena is key to determining the overall mechanical response and strength 
of the composite. 
In order to facilitate the discussion of interfacial failure modes, three separate Modes 
have been identified by the author [3-7] from a number of experimental studies [8-13]. 
These Modes of failure tend to occur in combination during a given loading history of 
a composite specimen: 
0 Mode a: matrix yielding at the intact interface. This mode has been observed 
to occur in aramid fibre-epoxy matrix systems [8-9]. 
0 Mode 8: a crack initiates at the fibre end and propagates along the interface. 
Frictional stress transfer between the fibre and matrix takes place across the crack 
faces. This failure mode has been observed to occur in glass and un-sized carbon 
fibre systems [ 10- 11 ]- 
0 Mode y: a conical crack initiates at the fibre end and propagates into the 
matrix at an angle to the axis of the fibre. This failure mode has been observed in 
carbon fibre systems [12-13]. 
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A high resolution scanning electron micrograph of the fracture surface of the carbon- 
epoxy specimen is presented in Fig. 1.4 [10]. This shows an interface crack that has 
developed as a result of the application of high tensile loading on the specimen post- 
fracture. In another micrograph, Fig. 1.5 [11], both interface and matrix cracks are 
evident in a short glass fibre-epoxy system. 
In the consideration of short fibre composites, the main source of interfacial failure 
with incremental applied loading is at the multiplicity of fibre ends that exist in this 
type of composite. When considering the failure at a given fibre location, the effect of 
surrounding fibres may be considered to be negligible provided the fibre-volume 
fraction is low. Hence the representative volume element (RVF, ) of the system is that 
of a single short fibre surrounded by a finite volume of matrix, Fig. 1.2(a). However, 
for long fibre composites, the effects of the fibre ends and the associated interfacial 
failure induced at these locations are of secondary importance, due to the lower fibre- 
end density. The primary source of failure, which may be catastrophic for the given 
lamina as a whole, is the interfacial failure induced during the fracture of one of the 
loaded fibres. In this event, a compensating stress redistribution among the 
surrounding intact fibres occurs due to the local incapacitation of the fractured fibre. 
Consequently, for long fibre composite systems, the RVE necessarily includes 
portions of the intact surrounding fibres Fig. 1.2(b), which play a key role in 
reinforcement during the fracture of a given fibre. 
1.4 Experimental Overview - Data from QMW 
Galiotis et al. [8-10,13-15], over a number of years at the Department of Materials at 
Queen Mary and Westfield College, have performed micro-mechanical measurements 
for a variety of single and multi-fibre composite systems. The stress or strain 
distributions along an embedded fibre have been measured for tensile-loaded 
crystalline fibre-matrix systems using the high resolution technique of laser Raman 
spectroscopy (LRS). This technique relies on the fact that the Raman frequency of the 
atomic vibrations of crystalline reinforcing fibres, such as aramid or carbon, is a 
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function of the axial stress in the fibre at that location. Unique Raman frequency 
versus fibre stress calibration curves, produced for each type of fibre, are used to 
convert the measured Raman frequency to an axial stress distribution along the length 
of the fibre. A review of the experimental measurement procedure may be found in 
Appendix A. LRS is a powerful technique for measuring the stress distribution in 
embedded fibres with a resolution of 1-2 microns. This enables the stress state in the 
fibre to be monitored during the complete loading-failure history of a composite 
specimen. 
The application of this technique to various single and multi-fibre composite systems 
has allowed researchers a window into the micro-mechanics of interfacial failure. 
What is observable by the monitoring of fibre stress during the loading of the 
composite specimen, is not which failure mode is prevalent for a particular loading 
level, but its influenceý on the fibre stress distribution. The fibre stress distributions for 
various fibre-matrix systems have been found to deviate from the linear-elastic 
predictions, as a direct result of failure mechanisms active at the interface. Thus, 
inferences as to the failure modes prevalent in various systems have been made 
indirectly by examination of the corresponding influences on the fibre stress profiles 
[8,13,15]. It should be noted that microscopical investigations, such as SEM's, only 
reveal the mode of interfacial failure once the specimens have completely failed and 
thus provide no information as to the type and extent of failure during the regular 
service loading of the composite component. 
For a single carbon fibre-epoxy matrix system subjected to incremental loading, the 
following general trends have been observed in the experimental fibre stress profiles. 
The fibre stress distribution has been found to build up from zero at the fibre ends in 
an S-shape or 0-shape depending on the type of carbon fibres used, Fig. 1.6. These 
profiles, which differ fundamentally from their theoretical shapes, are observed to 
become more pronounced with increased loading, as a result of the increasing size of 
the zone of interfacial damage [10]. Thus the progressive nature of interfacial failure 
is exhibited by the observed relaxation of the fibre stress in the region of the fibre 
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ends, indicating the decreasing reinforcement efficiency of the fibre with applied 
loading. 
The shear stress distribution along the interface has been obtained by applying a 
balance of forces model [14] to the axial fibre stress distribution. Since the calculated 
shear stress is a derived quantity, the shear stress distributions will be used only for 
qualitative purposes and not for quantitative comparison with FE data, thus 
eliminating any error due to the simplifying assumptions made in the balance of 
forces model. In the Kevlar-49 fibre-epoxy matrix system, the shear stress distribution 
has been observed to form plateaus towards the fibre ends which grow in size with 
applied loading, Fig. 1.7. It was found that the plateau value was approximately equal 
to the shear yield stress of the matrix [8]. In contrast with the carbon-epoxy system, 
the shear stress distribution towards the fibre ends exhibits a 'hump' where the shear 
stress is zero at the fibre end, and whose maximum is at a finite distance from the 
fibre end [ 13 ]. 
For a carbon-epoxy multi-fibre lamina consisting of several fibres in a planar array, 
the stress redistribution consequent upon a fibre fracture during the incremental 
tensile loading has been investigated. Localised stress amplifications in the 
surrounding intact fibres have been measured indicating that a complex failure 
mechanism is responsible for this load redistribution. 
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1.5 Aims and Objectives 
The fundamental aim of the current research was to comprehend, define and quantify 
the intricate failure mechanisms and overall sequence of events that constitute the 
interfacial failure process. Guided by the experimental evidence from QMW, finite 
element (FE) models were developed incorporating specific modes of interfacial 
failure which accounted for the various systemic non-linear phenomena. LRS stress 
profiles for a variety of composite specimens subjected to a program of incremental 
tensile loading, obtained by Galiotis et al. [8-10,13-15], were used to validate the FE 
models. 
Given the limitations of analyses by other authors, a more rigorous approach to stress 
transfer and interfacial failure in composite systems, entitled the Progressional 
Approach, was developed. This approach was applied to a variety of single and multi- 
fibre specimens sub ected to a program of incremental tensile loading. j 
The following non-linear phenomena have been accounted for in the application of the 
Progressional Approach with the various FE models: 
Thermal residual stresses induced during curing of the composite. 
Elasto-plastic behaviour of the matrix including localised matrix yielding. 
e The initiation and propagation of interface or matrix cracks during the loading 
history. 
e The effects of frictional stress transfer across an interface crack. 
9 The influence on the failure mode of fibre end fibrillation in Kevlar-49 fibres. 
* The importance of pressure dependent yield of matrix during the propagation of 
matrix cracks. 
e Spontaneous fibre fracture during the loading sequence, in multi-fibre systems. 
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1.6 Structure of The Thesis 
Chapter 2 briefly reviews the more traditional approaches to the analysis of 
interfacial failure before presenting in detail the Progressional Approach which 
has been developed by the author. 
Chapter 3 contains a critical literature survey of the more important FE analyses of 
single and multi-fibre systems that have been performed over the last two decades. 
Chapters 4 presents linear-elastic analyses of a single carbon fibre-epoxy matrix 
system incorporating a matrix crack-mode of interfacial failure. The characteristic 
shape of the induced fibre stress profiles is ascertained. Hence the direct influence 
of a matrix crack interfacial failure mechanism on the fibre stresses may be 
established. 
Chapter 5 addresses Kevlar fibre-epoxy matrix systems in which the fibre ends are 
fibrillated. The nature of the fibrillated zone and the importance of this 
phenomenon with respect to the type of interfacial failure mode supported in this 
system is thereby investigated. 
Chapter 6 addresses short carbon fibre systems in which interface cracks initiate 
and propagate during the interfacial failure process. The influence of the crack 
length and the coefficient of friction is ascertained. The complex interaction 
between ffictional stress transfer and localised yielding interfacial failure 
mechanisms is also investigated. 
Chapter 7 examines the importance of pressure dependent yield of matrix in the 
presence of propagating matrix cracks, and the influence of this property on the 
fibre stress profiles. 
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* Chapter 8 presents a comparative study which examines the influence of the 
various modes of interfacial failure on the global modulus of the composite 
specimen. The reduction in stress transfer efficiency due to the prevalence of the 
various failure modes is thus ascertained. 
* Chapter 9 addresses long fibre unidirectional composite specimens, where the 
fracturing of a fibre is analysed together with the influence of the surrounding 
intact fibres. The interfacial failure mechanisms and their progression in single 
fibre systems is extended to this three-dimensional multi-fibre analysis. The stress 
redistribution to the adjacent intact fibres is examined along with the local failure 
phenomena consequent upon fibre fracture. 
e Chapter 10 concludes the thesis with a summary of the achievements of the work. 
The application of the Progressional Approach to complete laminate composite 
structures and systems incorporating a fibre coating layer are presented as 










Fig. 1.1 Stacking sequence of unidirectional I iminae in a typical 0/90' laminate (I] 
28 
1 T U 1 : ! I: N 
' r N : U . ' i-» 








r : 1 ! 
'f 
. 

















Displacement pattern of loaded composite showing inducement of shear 








- '- : 
31 

































LL II -- I --- I (D cli Go mt 0 
V.; I.: 
Co 4-4 
ri 0 E -ýý "Ci c; E CJ 0 +. i Cli 
-4 10 cli 
Z, 
= Q) -4--9 i ýc .. 




e rn c 













0 (D 00 









































Analysis of Interfacial Failure 
Historically, there have been two approaches to the analysis and characterisation of 
stress transfer and interfacial failure in single fibre composites. Initially there were the 
traditional mathematical analyses in which a number of restricting assumptions were 
made regarding the elastic behaviour of both fibre, matrix and their common interface. 
More recently, there has been the experimentally-based 'Interfacial Shear Strength' 
approach in which deductions have been made as to the prevalence of interfacial 
failure phenomena in a generic sense, based on experimental observations of the fibre 
stress profiles in the loaded composite. Because of the limitations of the restricting 
assumptions which are inherent in both these approaches, a more rigorous and 
comprehensive approach which takes into account the major non-linearities that are 
characteristic of interfacial failure has been developed in the current research. The 
interfacial failure process is divided up into a series of discrete stages in which the 
various non-linear phenomena occur, and thus the approach is called the Progressional 
Approach. The traditional and interfacial shear strength approaches will be reviewed 
synoptically and then the Progressional Approach will be presented in detail. 
2.1 The Traditional Approaches 
Cox [ 16] and Dow [ 17] have predicted the axial fibre stress and interfacial shear stress 
distributions along the length of a single fibre composite subject to tensile loading, in 
a shear-lag analysis, Fig. 2.1 (a). The fundamental but restricting assumptions were (i) 
linear-elastic behaviour of both fibre and matrix, (ii) the fibre supports only axial 
stresses and the matrix supports only shear stresses, (iii) the interface remains 
perfectly intact during loading, and (iv) no load transfer through the ends of the fibre. 
This model predicts a take-up in the fibre stress profile from zero at the fibre ends to a 
finite constant value towards the centre, over a distance termed the transfer length [I]. 
Correspondingly, the interfacial shear stress distribution consists of a concentration at 
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the fibre end, decaying to zero in a hyperbolic manner. As will be shown, this stress 
field is only valid at very low levels of applied loading in a real composite. 
Whitney & Drzal [18], McCartney [19], and Netravali et aL [20] have made 
modifications to the land-mark Cox model to accommodate fibre end debonding. 
Hence, linear-elastic solutions have been found incorporating the appropriate 
boundary condition of zero complementary shear stresses at the fibre ends. Thus the 
interfacial shear stress distribution is zero at the fibre end and increases to its 
maximum at a finite distance from the fibre end, before decaying to zero in a Cox- 
type elastic manner, Fig. 2.1(c). These solutions, however, do not incorporate any 
form of matrix plasticity or crack growth, which are characteristic of interfacial 
failure. 
Piggott [21], addressed one form of interfacial failure consisting of an interface crack 
of finite length together with the associated frictional stress transfer induced across the 
cracked interface (also termed debonding). The linear-elastic solution predicts a 
constant shear stress over the domain of the interface crack, followed by a 
discontinuity which bridges the Cox-type elastic shear stress decay, Fig. 2.1 (b). The 
crack tip plastic zone is a limiting factor in real failure, which has not been 
incorporated in the Piggott model. Piggott's predictions, however, do come closest to 
approximating reality since he considers one of the most complex modes of interfacial 
failure, Mode P. 
2.2 The Interfacial Shear Strength Approach 
I 
Galiotis et al. [8,13,15] have postulated a criterion for interfacial failure based on 
experimental observations of the behaviour of shear stress distributions induced 
during incremental applied loading. It is postulated that there exists an interfacial 
shear strength (IFSS) threshold limit unique to each composite system, which is 
defined as the maximum shear stress that can be sustained by the interface, above 
which interfacial failure is instigated. At very low values of applied loading, the 
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induced interfacial shear stress, -r, does not exceed the IFSS of the system, so the shear 
stress maximum occurs at the fibre end as predicted by Cox, Fig. 2.1(a). At 
progressively higher applied loads, the high shear stresses induced reach the IFSS, 
thus instigating interfacial failure. It is an inherent limitation that the specification of 
which particular mode of failure instigated has not been made, but is synoptically 
described as a 'gradual interfacial yielding and/or partial fracture of the interface' 
[15]. The shear stress distribution is thus observed to drop to zero at the fibre end and 
also to exhibit a maximum at a finite distance from the fibre end. The criterion may be 
explicitly expressed as: 
Criterionfor interfacialfailure: z-= IFSS 
The major drawback of this approach, apart from being incapable of distinguishing 
which failure modes will be induced, is the fact that the criterion is one-dimensional 
in stress, whereas the actual stress state at the interface is strongly three-dimensional. 
Parenthetically, it should also be noted that the vast volume of coupon-type tests 
(pull-out, shear debond, micro-indentation, and fragmentation tests) developed over 
the last three decades attempt to estimate the IFSS for various composite systems. 
However, they make restricting assumptions of the existence of constant and in some 
cases linear-elastic shear stresses over the interfacial domain, hence predicting 
inaccurate estimations for the IFSS. 
2.3 The Progressional Approach 
The approach developed by the author in the current research is that of the 
Progressional Approach. In order to make the analysis of interfacial failure more 
realistic, this stage-by-stage analysis considers both the then-nal and tensile forms of 
loading. The approach is more rigorous and comprehensive in that the various 
phenomena of localised matrix plasticity, crack initiation and subsequent growth, 
together with any associated ffictional stress transfer, are considered as discrete 
stages. The points at which these stages occur are defined by various crack initiation 
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and propagation criteria, which are derived from the physical behaviour of the fibre 
and matrix materials. These phenomena, characteristic of interfacial failure, are 
fundamentally non-linear and are key to determining the reinforcement capability of 
the fibre. The traditional assumptions of linear-elastic stress transfer and the continued 
intactness of the interface with higher levels of applied loading are invalid. Analyses 
based on these assumptions, both analytical and numerical, inevitably predict large 
stresses at the interface which are well in excess of the interfacial failure stress, and 
consequently yield unnaturally high predictions for the reinforcement capability of the 
fibre as well as for the strength of the composite. 
The Progressional Approach is presented in its component stages (Fig. 2.2). In order 
to more easily visualise the precise micro-mechanisms involved at each stage of the 
interfacial failure progression, we may consider a small element of matrix adjacent to 
the fibre-matrix interface located near the fibre end, as shown in Fig. 2.3. Thus, of the 
six faces of the element, one is bonded to the fibre surface (strictly speaking it is the 
interface) while the remaining five sides bond with the surrounding continuum of 
matnx. 
2.3.1 Stage A: Thermal Pre-Load 
In the initial stage, there are the effects due to the residual stresses that are therinally 
induced during fabrication of the composite specimen (Fig. 2.2(a)). The fabrication 
itself, for the composite specimens under consideration, typically consists of the 
following multi-step process. Matrix resin is heated to approximately 90'C and the 
correct amount of curing agent or hardener is then added. The material is then poured 
into a mould and after about 15 minutes, a fibre is then laid onto the surface of the 
now viscous matrix. The fabrication is then completed by adding another layer of 
matrix. On cooling of the composite specimen, a gelation occurs in the matrix, 
whereupon it goes from being a viscous fluid to a solid. The temperature at which this 
gelation occurs is estimated to be 70'C. Since the coefficient of thermal expansion of 
the matrix is greater than that of the fibre, the compliant matrix contracts around the 
stiffer fibre thus putting the fibre into slight compression. The matrix element is thus 
sheared slightly, leading to localised yielding. 
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2.3.2 Stage B: Elastic Stress Transfer 
Subsequently, on application of the far-field tensile loading, the element is sheared in 
the opposite sense due to the thermally-induced shear stresses at the interface. A Cox- 
type elastic stress transfer regime is maintained across the interface only for very low 
applied strains (Fig. 2.2(b)). 
2.3.3 Stage C: Elasto-Plastic Stress Transfer 
As the loading on the specimen increases, this elastic regime gives way to an elasto- 
plastic stress transfer regime characterised by localised matrix yielding in the vicinity 
of the fibre end, Mode a (Fig. 2.2(c)). Effectively the element is now being subjected 
to a stress state in which the von Mises stress (Appendix Q is equal to the yield stress 
of the matrix. As loading on the composite continues, yielding continues with the 
element becoming progressively more plastically deformed. Finally, after a certain 
amount of yielding has taken place, a limit is reached at which the element debonds 
from the fibre. 
2.3.4 Stage D: Crack Initiation 
The fibre end debonding, consequent upon excessive plastic deformation, may be 
defined by a crack initiation criterion which is based on the material upper bound of 
the von Mises' equivalent strain in the matrix, 6,,,: 
Crack initiation 6M= 'VM if -VM ,>0 (2.2) 
where r,, * may be two to three times the bulk matrix fracture strain. This increase is 
attributable to the lower flaw density in thin films of matrix, which act as failure 
nucleation sites in the bulk matrix. The above failure criterion is valid only when the 
dilatational strain component, (otherwise known as bulk, volumetric or spherical 
component of strain (See Appendix Q) is positive, i. e. the overall state of strain is 
tensile thus promoting rupture of the yielding matrix and hence the creation of a 
macroscopic interface crack. The reason for the use of the von Mises equivalent strain 
in the criterion as opposed to any other universal measure of strain, is that ductile 
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failure through a void-growth mechanism has been established to be dependent on the 
von Mises equivalent strain [22]. 
2.3.5 Stage E: Fibre End Debonding 
Due to the geometry of the fibre end, crack initiation occurs at the fibre comer thus 
creating a small crack, Mode P (Fig. 2.2 (d)), with one tip oriented towards the 
interface and the other one towards the fibre end. In order to determine which of the 
two crack tips propagates first, the problem may be viewed as two competing crack 
propagation criteria. The traditional fracture mechanics energy criterion [23] may be 
applied to both crack tips giving: 
Fibre-end crack propagation : G ný Gic 
versus Interface crack propagation : Gi, = GR (2.3) 
where G, and G11 represent the strain energy release rates (SERR) in Mode I opening 
mode and Mode II shearing mode, respectively, given the loading geometry on the 
two crack tips. Similarly, Gjc is the interfacial fracture toughness in Mode 1, while GIR 
is the interfacial fracture toughness in Mode Il. As an approximation, both interfacial 
fracture toughnesses will be considered to be equal. It will be shown that the fibre-end 
crack tip propagates first thus leading to complete debonding of the fibre end (Fig. 
2.2(e)). 
2.3.6 Stage F: Crack Propagation 
The interfacial failure process continues, on additional loading, in the form of 
interface crack extension, Mode P (Fig. 2.2(f)) or a crack propagating at an angle into 
the matrix, Mode y. The preferred failure mode for the particular composite system 
will be dependent on the relative fracture toughnesses of the interface versus that of 
the matrix, for the given induced stress field. Post-failure optical techniques such as 
SEM, provide information as to which interfacial failure mode was prevalent for a 
given composite system, but only at the most advanced stage of failure when the 
specimen has globally failed. 
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A fundamental feature of the interface crack is that ffictional stress transfer occurs 
across the cracked interface, due to the surface roughness of the contacting crack 
faces. This stress transfer by a frictional mechanism in Mode P is supported due to the 
significant normal compressive stresses that exist across the interface due to the 
Poisson's ratio differential between fibre and matrix, and also due to the thermally 
induced fabrication stresses. Frictional stress transfer is not present in the matrix crack 
propagation mode, since the crack is predominantly in an opening mode, due to the 
orientation of the crack. 
In summary, the constituent stages of the Progressional Approach to the interfacial 
failure process are: 
Thennal residual stress state induced during fabrication. 
Very low level loading: linear-elastic Cox-type stress transfer. 
9 Low level loading: elasto-plastic stress transfer with localised matrix yielding, 
Mode a failure. 
9 Medium level loading: crack initiation at fibre end, Mode P failure. 
9 Higher level loading: interface crack propagation with frictional stress transfer, 
Mode P failure; or matrix crack propagation, Mode y failure. 
In conclusion, the Progressional Approach is designed to be comprehensive and 
rigorous in that it attempts to account for the main systemic non-linear phenomena 
that are characteristic of the interfacial failure process. 
Judicious finite element analyses of single and multi-fibre composite systems based 
on the Progressional Approach will allow realistic predictions of the various stages of 
the failure process and their influence on the overall composite behaviour. Important 
stages such as the initiation and propagation of cracks consequent upon excessive 
interfacial yielding will be investigated in the finite element models that incorporate 
these complex mechanisms of interfacial failure. The widely used commercial 
software package ABAQUS 5.4 [See Appendix B] was used to solve various FE 
models that were generated using the Femgen pre-processor 
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2.4 Solution Evaluation Criteria 
The stress and strain fields predicted by any given finite element model for loaded 
composite specimens must conform to certain criteria if they are to be meaningful. 
These criteria are based on the physical upper bounds of the elasto-plastic material 
behaviour of the fibre and matrix: 
I At any point in the fibre, the axial stress, (: Tf, must be lower than the 
fracture stress of the fibre, (: Ff* : 
lYf < Clf 
11 At any point in the matrix, the von Mises equivalent stress, am5 must be 




the given applied strain rate: 
CTm < (Ymyield 
III At any point in the matrix, the von Mises equivalent strain, 6,,,, must be 
lower than the tensile fracture strain of the matrix, EM* 
Em <6m 
* 
In addition to these material property based criteria, there are also established criteria 
which an FE mesh must satisfy in order to ensure that the solution is suitably 
converged. These consist of various element quality tests regarding element comer 
angles and aspect ratios. Sufficient mesh refinement must also be imposed in areas of 
high stress/strain gradients, to minimise the discretisation error of the model [24]. 
The Progressional Approach automatically satisfies criteria 11 and Ill. For the range of 
loading considered in the analyses of the current research, criterion I is also satisfied, 
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except in the case where fibre fracture during the loading sequence is defined 
explicitly during the analysis, as in the case of the multi-fibre analysis of Chapter 9. 
The solution evaluation criteria will be useful in the evaluation of the results predicted 
by the various analyses to be presented in the Literature Survey. 
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Finite Element Analysis Literature Survey 
3.1 Prologue 
Finite element analysis is an established modelling technique for furthering the 
understanding of the stress transfer characteristics and interfacial failure in fibre- 
reinforced composites. The majority of the analyses to date, are linear-elastic and 
based on the traditional theoretical considerations such as those of Cox. Highly 
limited in their scope, such analyses only confirm their underlying theoretical models 
and provide minimal insight into the non-linear phenomena that are characteristic of 
real systems. 
Some more recent non-linear analyses, however, have produced generic conclusions 
pertaining to the influence of yielding and interface/matrix cracking at, or in the 
region of, the interface. These analyses are non-rigorous in their approach, since only 
specific phenomena are taken into consideration such as exclusively yielding or 
matrix cracking mechanisms. Consequently, the progressive nature of the failure 
mechanisms and their complex interaction have not been investigated. 
All the finite element research to date may be categorised into two broad classes. The 
majority of work pertains to the analysis of single fibre rather than multi-fibre 
systems. Single fibre systems may be analysed axisymmetrically in a 2D model, 
whereas multi-fibre systems require the additional complexity of 3D modelling. Both 
classes may be further subdivided into linear-elastic or elasto-plastic analyses. The 
majority of analyses are linear-elastic since the importance of the elasto-plastic 
behaviour of matrix as an interfacialfailure mechanism is not well understood. 
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This literature survey will present, in chronological order, the more pertinent FE 
analyses that have been performed for both single and multi-fibre systems. The linear- 
elastic analyses will precede the elasto-plastic analyses. 
3.2 Single Fibre Analyses 
The majority of finite element analyses concern the stress distribution around a single 
short fibre embedded in matrix, loaded in tension. The analyses are axisymmetric and 
thus two dimensional. In the majority of analyses, particular attention has been given 
to the nature of the interfacial shear stresses in the region of the fibre ends. If the 
analyses are linear-elastic, these stresses have been found to be singular if the 
geometry of the fibre comer is sharp. Some of the more realistic analyses consider the 
local stress field in the presence of a matrix/interface crack which is assumed to be 
pre-existent in the model. 
3.2.1 Linear-elastic Analyses 
Termonia 1987 [25], Berthelot et al. 1993 [26], Fan and Hsu 1992 [27], and Liou 
1997 [28] have all studied the linear-elastic case of a single fibre embedded in a finite 
volume of matrix in which perfect adhesion of the interface is assumed. In all the 
analyses, the thermal fabrication stresses were not considered and no form of 
interfacial cracking was present. All of the analyses predict fibre stress and interfacial 
shear stress (ISS) profiles similar to those of the Cox shear-lag analysis. Since the 
analyses assume linear-elastic behaviour of both matrix and fibre, the magnitudes of 
the stresses are commonly normalised with respect to the applied stress on the 
composite. 
Ten-nonia's analysis uses the finite-difference method and is one of the first analyses 
to seriously tackle the fibre end stress concentration phenomenon induced In a glass 
fibre embedded in epoxy matrix. The ISS is found to increase to a maximum at the 
fibre end and the value is dependent on the fibre-matrix elastic modulus ratio. For 
a system whose ratio is 20, an ISS concentration of 1.4 is predicted. These results 
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would be physically reasonable only if the ISS were significantly lower than the shear 
yield stress of the matrix, which would be well below the operational applied loads 
that a composite specimen would be subjected to. Hence violations of Criteria II and 
III (see Section 2.4) would inevitably occur when the applied stress on the composite 
reached a significant level. Such violations are characteristic of linear-elastic analyses 
thus making the assumption of linear-elasticity inadequate for the realistic analysis of 
composites. 
Berthelot et al. have performed an FE analysis of a system similar to that of Termonia 
in which the elastic modulus ratio is 24. The model employs in excess of 2500 
elements and possesses satisfactory mesh refinement. The ISS concentration is found 
to be 1.6 and the profile almost identical to that of Termonia. 
Fan and Hsu have analysed a polydiacetlyene fibre embedded in epoxy matrix where 
the elastic modulus ratio is 11. The model employs 1580 elements and possesses 
satisfactory mesh refinement with the smallest element in the region of the fibre end 
being of the order of one tenth of the fibre radius. The matrix strain near the fibre 
comer is found to be 2.5 times the applied strain and 'judged a likely candidate for 
failure'. The ISS increases to a maximum of 50M[Pa at the fibre end, which is 
acceptable (according to Criterion II, Section 2.4) given the low elastic modulus ratio 
of the system. A wedge-shaped fibre end geometry is also analysed and is found to 
reduce the stress concentration that would otherwise exist in a square fibre end. It is 
concluded, however, that the fibre end geometry effect was negligible for systems in 
which the aspect ratio of the fibre (length/diameter) is large. 
Liou has performed a similar analysis to Fan and Hsu, but for three different fibre end 
geometries. These were square, wedge-shaped and round fibre end geometries. The 
system under investigation is a carbon fibre-epoxy matrix composite in which the 
elastic modulus ratio is 64. The FE model has only 112 elements which was 
considerably fewer elements than the analyses of Fan and Hsu. Consequently, the 
stress distributions were only indicative of the underlying trends which were similar 




and in the range 2.0 - 4.2 for the wedge-shaped fibre end depending on the angle of 
inclination of the wedge geometry. For the rounded fibre end, the ISS concentration is 
substantially lower at 0.4. It is concluded that the fibre end geometry had a significant 
influence on the local linear-elastic stress concentration. 
A work that distinguishes itself from the rest, is the boundary element analysis of 
Selvadurai and ten Busschen 1995 [29], in which a glass fibre-polyester resin 
composite is modelled incorporating a matrix crack. The crack is defined to 
commence at the fibre end and propagate at an angle to the fibre axis determined by a 
fracture mechanics-based criterion. The elastic modulus ratio is 47. The matrix crack 
is pre-existent in the model and is allowed to propagate conditional upon the 
satisfaction of a criterion based on the mixed-mode stress intensity factors. A variety 
of matrix crack orientations are thus predicted which correlate satisfactorily with the 
experimentally observed crack geometries. Stress distributions along the fibre are not 
predicted but the analysis is prototypical in that interfacial failure involving matrix 
cracks (that are non-nally induced during the loading history) have been explicitly 
examined. The limitations of the analysis are that the crack is pre-existent in the 
model and the matrix does not exhibit plasticity. 
A very similar FE analysis is that of Brockinuller et al. 1995 [30], in which a matrix 
crack is modelled to propagate in a pseudo-conical manner. The aim of the analysis 
was to ascertain the influence of a propagating matrix crack on the global composite 
properties, such as composite modulus and failure stress. Simulation of a propagating 
pseudo-matrix crack was achieved by the definition of an interface crack kinking to 
become a transverse crack, such that the crack geometry was L-shaped. The resultant 
stress-strain curve for the composite exhibited a 45% decrease in the modulus. The 
inadequacies of the model are numerous and include non-account of matrix plasticity 
and the gross errors associated with the pseudo-matrix crack propagation. The 
analysis does, however, explicitly evaluate the effect of crack propagation on the 
global composite modulus. 
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3.2.2 Elasto-plastic Analyses 
Levy and Papazian 1991 [3 1 ], Shi et al. 1992 [32], Guild et al. 1994 [9], and Tripathi 
et al. 1996 [33] have performed elasto-plastic analyses of a single fibre composite in 
which the interfacial failure mode is defined to be exclusively yielding; hence the 
initiation and propagation of cracks within the system have not been incorporated. 
Levy and Papazian study a SiC fibre metal-matrix composite (MMC) in which the 
elastic modulus ratio is 7. loaded in both tension and compression. The analysis 
is 3D in order to investigate the influence of multiple fibre end interactions and 
includes the therinal fabrication-induced residual load. Approximately 150 elements 
are used which is far less than would be necessary for satisfactory modelling of the 
strain gradients induced in the yielding zones. The thermal load induces plastic 
deformations of 2% in the region of the fibre comer. Tensile loading subsequently 
induces plastic deformation over the majority of the interfacial region whereas 
compressive loading induces plastic deformation only in the fibre end regions. The 
influence of the matrix yielding mechanism on the global composite mechanical 
response is represented by a stress-strain curve which exhibits substantial non- 
linearity above 0.4% applied strain. It was concluded that for MMC's, localised 
plastic deformation due to both the thermal pre-load and the subsequent 
tensile/compressive loading are significant factors that determine the mechanical 
response of the composite. 
Shi et al. have also analysed the same system as Levy and Papazian but using a 
simplified 2D plane strain model. The number of elements in the model totals only 65 
which is of the same order of mesh refinement employed in the Levy and Papazian 
analysis. The thermal pre-load is included and the subsequent tensile loading is 
applied incrementally, so as to obtain an accurate global composite mechanical 
response. The thermal load induces a plastic zone in the region of the fibre comer, 
which is found to increase the global composite modulus and strength significantly 
once subsequent tensile loading is applied. This is because large amounts of work are 
dissipated in the thermally-induced plastic region, during the tensile loading. During 
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the tensile loading phase, the plastic zone evolves outwards from the interfacial area 
until the entire matrix region is yielding, in a similar manner as with the Levy and 
Papazian analysis. 
Guild et al. have performed an elasto-plastic analysis for a Kevlar-49 fibre epoxy 
matrix system whose elastic modulus ratio is 47. The axisymmetric model employs in 
excess of 1000 elements and possesses satisfactory mesh refinement. The interfacial 
shear stress and strain profiles are obtained for various levels of applied strain on the 
composite. It was found that as the loading was increased, the area of matrix yielding 
in the fibre comer region evolved in the same way as the analysis of Shi et al.. The 
interfacial plastic strain was found to far exceed any meaningful value. For instance, a 
von Mises strain maximum of 180% was predicted for an applied strain of 1.8%. This 
is inevitably due to the fact that fibre end fibrillation, characteristic of Kevlar fibres, 
has not been accounted for. An analysis incorporating such a phenomeneon would 
reduce the induced strain concentration considerably. However, this is the only elasto- 
plastic analysis which explicitly investigates the nature of the strain concentration 
induced under an elasto-plastic matrix regime. 
Tripathi et aL investigate the extent of the interfacial plastic zone induced in a glass 
fibre-epoxy matrix system. Large-scale interfacial yielding instigated at the fibre end 
is predicted but evaluation of the magnitude of the plastic strain has been omitted. 
Hence, the development of interfacial cracking consequent upon yielding and 
subsequent propagation along the interface is not investigated. Thus the effects of 
these failure mechanisms upon the local stress and strain fields, as well as the global 
composite properties, have not been established. 
Ho and Drzal 1995 [34] perform a non-linear analysis of a single fibre composite 
incorporating an interface crack. The AS4 carbon fibre-epoxy matrix system has an 
elastic modulus ratio of 55 and the model employs 3400 axisymmetric elements. The 
efficiency of stress transfer across the interface was found to be suppressed by matrix 
plasticity, especially for high levels of applied strain. The thermal residual stresses are 
also found to reduce the stress transfer efficiency. The fibre stress profile in the 
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presence of an interface crack is similar to the Q-shape profile predicted by Piggott 
[21], (see Fig. 2.1(b)). The major shortcoming of the analysis is the assumption of a 
pre-existing interface crack together with a pre-existing fibre fracture. It is clear that 
the analysis for a fibre that fractures creating interface cracks during the loading 
history is fundamentally different to the analysis which assumes that the fibre and 
interface are fractured from the beginning of the loading history, in a non-linear 
analysis. 
King et aL 1992 [35] analyse a carbon fibre-epoxy matrix system subjected to thermal 
and transverse loading. This analysis is the only one which employs matrix cracking 
initiated upon excessive matrix yielding in a progressive manner. The transverse 
loading is applied incrementally until yielding is predicted initially in the interfacial 
region and then in the entire matrix region. Matrix cracking then occurs near the 
interface, according to the maximum normal stress failure criterion that was used. The 
analysis, although fully non-linear in its approach, considers the relatively simple case 
of transverse loading, in which the significant discontinuities at the fibre ends are not 
relevant. More importantly, the implications of reinforcement efficiency of the 
composite in the main axial direction is also not relevant. Hence the implications of 
the analysis for global stiffness, strength and failure mechanisms of composite 
components are limited, due to the transverse nature of the loading. 
3.3 Multi-Fibre Analyses 
There are few multi-fibre composite FE analyses which investigate the effects of 
spontaneous fibre fracture during the loading program, and the interaction between 
the fibres consequent upon fracture. Particularly of interest is the redistribution of 
stress among the surrounding intact fibres and the nature of the damage in the zone of 
the fibre fracture. The analyses to be cited assume a pre-existent fibre fracture, which 
is a fundamental simplification of the problem, as discussed earlier. This assumption 
is especially erroneous if the surrounding matrix behaves elasto-plastically. 
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3.3.1 Linear-elastic Analyses 
Wang et al. 1991 [36] have performed a 2D axisymmetric simplified analysis of a 7- 
fibre glass/epoxy system, in which the central fibre is fractured. The six adjacent 
intact fibres are simulated using equivalent concentric cylinders whose thicknesses are 
defined so as to maintain the fibre volume fraction equal to that of the real composite. 
When the system is loaded in tension, the stress amplification in the intact adjacent 
fibre is found to be more than twice the far-field fibre stress, which would thus 
increase the probability of successive fibre fractures. This stress amplification was 
found to increase with the fibre volume fraction as the inter-fibre spacing was 
decreased. A shear stress concentration was predicted in the fracture zone of 
approximately 30% the value of the far-field fibre stress. For an applied strain of 1%, 
the ISS value would be 250MPa which is far in excess of the matrix yield stress. The 
analysis is highly simplified since through-the-thickness effects in the fibres have not 
been considered by virtue of the two-dimensional nature of the model. Furthermore, 
non-linear effects such as matrix plasticity, crack initiation/propagation and thermal 
pre-load have not been comsidered. 
Nedele and Wisnorn 1994 [37] have performed a 3D analysis of a carbon 
fractured fibre surrounded by six equally-spaced fibres in a hexagonal array. The 
model of a dodecatant section consisted one twelfth of the fractured fibre and one half 
of the adjacent intact fibre separated by a thin layer of matrix, subjected to an applied 
strain. Only 40 elements have been used with the minimum element size being half 
the fibre radius. An abnormally low stress amplification factor of 1.025 is predicted in 
the adjacent fibre. This is inevitably due to the existence of a sharp singularity at the 
fracture tip where the adjacent matrix, behaving linear-elastically, sustains excessive 
levels of strain energy due to the large shearing action of the fractured fibre. The 
predicted shear stresses are found to be well in excess of the matrix shear yield stress 
over a distance of several fibre radii from the fracture location. 
The analysis is fundamentally inadequate from a number of aspects. The results 
indicate that the mesh refinement is not sufficient to cope with the high stress 
gradients induced at the fibre fracture location. Furthermore, the inclusion of matrix 
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elasto-plasticity would lead to a larger zone of stress redistribution corresponding to 
an enlarged crack-tip plastic zone. Consequently, significantly more of the load 
originally supported by the fractured fibre would be distributed to the adjacent fibres, 
and not absorbed by the abnormally stiff matrix which is behaving linear- 
elastically. The analysis of a pre-existent fibre fracture in the model leads to 
substantial error since, in reality, fracture occurs after a composite strain of about 
0.3% has been sustained. The combination of all these factors highlight the 
inadequacies of the simplified model, and consequently lead to significantly 
erroneous predictions of the stress amplification factors for the adjacent fibres. It was 
concluded by Nedele and Wisnom that certain established analytical predictions that 
have been made by a number of authors [38-39] severely over-estimate the stress 
amplification factors based on this analysis. 
3.3.2 Elasto-plastic Analysis 
Xu and Weitsman 1996 [40] have analysed a carbon-epoxy system subjected to 
compressive loading in which there is included a sinusoidal transverse component to 
simulate micro-buckling effects. A large mesh employing 12,800 elements was 
subjected to the compressive loading and revealed 'high non-unifon-nities and 
localisations' especially near fibre-matrix interfaces. It is broadly concluded that these 
localisations would lead to compressive failure of the composite, which is not 
accounted for by the model. This analysis is the only fully 3D FE analysis that has 
been found by the author. 
3.4 Epilogue 
The majority of analyses, to date, consider only one of the many aspects of the 
interfacial failure process. For instance, either yielding at the interface or the existence 
of a matrix crack have been modelled as isolated failure mechanisms. A consistent 
and thorough analysis, in which all the various phenomena are accounted for, is 
required if realistic modelling of interfacial failure is to be achieved. 
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Chapter 4 
Matrix Crack Analyses 
4.1 Introduction 
Linear-elastic FE analyses are presented for a continuous (long) carbon fibre 
embedded in epoxy matrix subjected to the incremental tensile loading, employed in a 
fragmentation test [1]. The test involves a single fibre subjected to loading so that 
successive fractures occur along the length of the fibre, at gradually higher levels of 
applied load. The test is commonly used in the estimation of the IIFSS as discussed in 
Section 2.2. Carbon fibres fracturing in such a manner induce mode y interfacial 
failure which involves the initiation and propagation of matrix cracks. Short carbon 
fibres, however, are more likely to fail in a Mode P interface crack manner, as will be 
investigated in Chapter 6. Experimental observation of conical cracks in carbon fibre- 
reinforced systems is generally very difficult to perform optically, but SEM evidence 
of conical cracks in this type of system are reported elsewhere [ 10,12]. 
The analyses presented here are a simplified version of the Progressional Approach, 
since the matrix is considered to behave linear-elastically and the effect of the then-nal 
residual stress state induced during the fabrication of the specimen has not been 
included. Furthermore, the non-linear stage of matrix crack initiation is not 
considered, and hence the crack is assumed to be pre-existent in the model. The 
central aim of these simplified analyses was to demonstrate that the existence of a 
matrix crack influences the fibre stress or strain distributions in a way that 
significantly reduces the stress transfer efficiency in the fibre end regions. The 
influence of the crack dimensions on the fibre strain profiles was investigated using a 
FE model of a single carbon fibre-epoxy matrix composite incorporating a Mode 7 
conical crack of various geometries. Hence the fibre strain characteristics of Mode y 
failure were ascertained, and the results obtained were compared with experimental 
data obtained using the LRS technique [13]. The crack geometries for which the 
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predicted fibre strain distributions correlated best with the experimental data were 
thereby established. 
It should be noted that a rigorous analysis of Mode y matrix cracks, based on the 
Progressional Approach, in which all the non-linear stages of the failure process are 
considered is presented in Chapter 7. 
4.2 Experimental Measurements at QMW 
The model composite which has been tested by Galiotis et al. [ 13 ], comprised a single 
continuous high modulus carbon fibre embedded in an epoxy resin. The fibres, 
supplied by Courtaulds Graphil p1c, were approximately 6.5ýtm in diameter and a 
Ciba Geigy MY750/HY951 epoxy resin was used. Full details of the manufacturing 
procedure are given in [13]. The elastic modulus of the fibres, measured in the axial 
direction, was 390GPa and that of the matrix was 2.6GPa. Complete material property 
data are presented in Table 4.1. 
The composite specimen was subjected to a prograrn of incremental tensile loading. 
Using the LRS technique, the fibre strain distribution along the fibre was monitored at 
each level of applied strain, eapp, until full fragmentation occurred [13], where the 
long fibre had fractured successively to form several smaller fragments. The FE 
predictions were matched to the experimental fibre strain profiles for various applied 
strain levels. It should be noted that the resolution of the technique was 2ýtm, whereas 
for the more recently produced experimental data employed in the later chapters, the 
resolution was increased to 1ýtm. Furthermore, in these tests the LRS measurement 
probe was calibrated with axial fibre strain, whereas in the rest of the research 
calibration was made with axial fibre stress. This distinction is of no importance since 
the fibre behaves linear-elastically throughout the loading program. Further details of 
the experimental set up are given in Appendix A. 
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Optical studies of fragmented test specimens have shown that, of the three possible 
modes of interfacial failure described in Chapter 1, Mode y failure is the most likely to 
occur in high modulus continuous carbon-epoxy systems [10,12]. There are several 
arguments to support this ascertion, in addition to the SEM evidence. Mode (x 
localised yielding may be ruled out since the experimental shear stress distributions 
along the interface have been observed to be zero in the regions of the fibre ends. The 
shear stress would otherwise necessarily be equal to the shear yield stress of the 
matrix, if a predominantly yielding failure mechanism was prevalent. By a similar 
argument, Mode P is also eliminated since the interfacial shear stresses are not equal 
to a constant frictional value that has been observed in short carbon fibre systems 
[10]. More fundamentally, however, the interfacial failure mode is unlikely to be the 
same for a long carbon fibre fragmenting as for the case of a single short carbon fibre 
system, since during the fragmentation process, large amounts of strain energy are 
released from the fracturing fibre resulting in the dynamic formation of matrix cracks. 
In the case of short carbon fibres subjected to incremental tensile loading, the process 
is much less dramatic resulting in the formation of interface cracks, as will be 
discussed in Chapter 6. 
4.3 Finite Element Models 
The axisymmetric FE model incorporating Mode y type failure (see Fig. 4.1 (a)) 
included a conical-shaped matrix crack and covered one quarter of the diametral 
section, due to the symmetry of the problem (Fig. 4.1 (b)). The matrix was assumed to 
be linear-elastic and isotropic and the fibre was assumed to be linear-elastic and 
transversely isotropic. The mesh consisted of approximately 400 6-noded triangular 
and 2,200 8-noded quadrilateral axisymmetric elements, (Fig. 4.2). The loading took 
the form of a uniform displacement imposed on those nodal points lying on the end 
face of the composite. The level of mesh refinement employed was found to be 
sufficient with respect to the convergence of the local solution, as shown in the mesh 
of Fig. 4.3, where fibre elements are represented shaded. The geometry of the matrix 
crack was defined in terms of its orientation with respect to the fibre axis, 0, and its 
58 
length, a. The aim was to find the crack geometry for which the corresponding fibre 
strain distribution correlated best with the experimental data, for levels of applied 
strain on the composite specimen of 1.05%, 1.15% and 1.35% 
For comparison purposes, an FE model which did not incorporate any mode of 
interfacial failure was analysed, in which the interface was defined as perfectly 
bonded and the applied strain on the composite was 1.0%. The mesh for this model is 
shown in Fig. 4.4. 
4.4 Results and Discussion 
The FE model not incorporating any failure mode produced fibre stress (S22) and 
interfacial shear stress (S12) profiles along the fibre length as shown in Figs. 4.5-6. 
Since the interface remains perfectly bonded and both fibre and matrix are linear- 
elastic, the distributions of Figs. 4.5-6 are similar to those predicted by the Cox shear- 
lag analysis (Section 2.1). The high fibre-matrix stifffiess ratio induces large 
interfacial shear stresses towards the fibre end with the maximum occurring at the 
fibre end. The shear yield stress of the matrix is also indicated in Fig. 4.6 thus 
demonstrating that the stresses induced significantly exceed the material yield stress 
and consequently that the analysis along with similar analyses is inadequate, as has 
been discussed in Chapters 2 and 3. Fig. 4.7 shows the displacement field in which 
may be observed the large shearing effect induced at the interface towards the fibre 
ends. 
The fibre strain distribution obtained from the FE model of the Mode y interfacial ý 'ý) 
failure (see Fig. 4.8), exhibits a characteristic S-shape in the take-up region. This S- 
shape has been observed in the experimental (LRS) fibre strain data, and has been 
found to become more pronounced as the applied loading on the composite was 
increased [13]. More specifically, as the matrix crack propagates, it was observed that 
the fibre strain S-curve moves forward leaving behind it an increasing portion of 
unloaded fibre. It is clear that in this region where the fibre is becoming progressively 
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unloaded, that the reinforcement efficiency Is dropping. In Chapter 7, it will be 
demonstrated that the effective composite modulus correspondingly reduces for a 
propagating matrix crack. This S-shape, characteristic of the induced fibre strain 
profile, may be considered to be thefingerprint of interfacial failure by matrix crack 
propagation, Mode y. It was also found that the interfacial shear stress reaches a 
maximum value at a finite distance from the fibre end (see Fig. 4.9), a feature also 
observed in the experimental data. This is in contrast with the Cox-type profile of Fig. 
4.6, since the shear stress maximum is no longer at the fibre end but at a finite 
distance away. More importantly, this maximum is much less than the Cox shear 
stress maximum. 
The FE predictions for the displacements in the model reveal that the crack opens up 
under the influence of the tensile loading, which is expected due to the opening nature 
of the crack. It follows that there cannot be any ftictional stress transfer across the 
crack faces for this mode of interfacial failure. Load transfer by a frictional 
mechanism across an interface crack, as is characteristic of Mode 0 type failure, 
would necessarily require a closing-up of the crack in order that the crack faces may 
come into sliding contact with one another. 
To investigate the influence of the stress concentration at the crack tip on the fibre 
strain profiles, the crack tip was blunted. The fibre strain distribution for the modified 
FE model was found to be unchanged showing that the interfacial stress transfer 
mechanism is insensitive to events local to the matrix crack tip. In the present 
analysis, the matrix has been modelled as linear-elastic, and therefore account of the 
crack tip plastic zone has not been taken. In Chapter 7, localised yielding in the model 
will be shown to occur in the vicinity of the fibre end and at the crack tips, when all 
the stages of the Progressional Approach are accounted for. 
The geometric parameters that were found to influence the fibre strain and Interfacial 
shear stress distributions, were the angle of crack orientation, 0, and the crack length, 
a. In order to establish the geometry of the matrix crack prevalent in the actual 
composite specimen, the combination of these two crack geometry parameters was 
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found that yielded a fibre strain distribution that correlated best with that measured 
experimentally, for a given level of applied strain. The method used to ascertain the 
crack dimensions entailed analysing a series of FE models in which the crack 
geometry was varied. The predicted strain distributions revealed that the crack length 
and angle influenced the fibre strain profiles in particular ways. It was found that the 
S-shape became steeper with larger crack angle and more elongated with larger crack 
length. Examination of these trends allowed the crack dimensions for the current 
experimental data to be ascertained. For eapp : -- 1.05%, these parameters were found 
to be 0= 200 and a= 100ýim. When the length of the matrix crack was increased, 
whilst keeping the crack angle constant, good correlation with the experimental fibre 
strain data was achieved for applied strain levels of 1.05%, 1.15% and 1.35% (see 
Figs. 4.10-12). This supported evidence that the matrix crack propagates in a self- 
similar manner in response to the incremental loading on the composite. For eapp = 
1.05%, there was fair correlation between the FE and experimental results for the 
interfacial shear stress distribution, as shown in Fig. 4.13. 
It has been observed in numerous studies of the propagation of interface and matrix 
cracks, in various composite systems, that they initiate at a certain angle to the fibre 
axis, but subsequently turn towards the interfacial region [10]. Matrix cracks have 
also been observed to bifurcate or even trifurcate at certain critical points during the 
loading history, thus making the problem even more complex. 
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Carbon fibre MY750/HY951 Epoxy 
matrix 
Axial Tensile Modulus, GPa 390 2.6 
Transverse Modulus, GPa 20 2.6 
Axial Tensile Strength, GPa 3.2 78 x 10-3 
Axial Fracture Strain, % 0.8 4.2 
Axial Poissons Ratio 0.22 0.36 
Transverse Poissons Ratio 0.03 0.36 
Table 4.1. Material Properties of Carbon Fibre and Epoxy Matrix 
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Chapter 5 
Kevlar-49 System and Fibre End Fibrillation 
5.1 Introduction 
In the consideration of short fibre composites reinforced with Kevlar 49 fibres, there 
is a fundamental property possessed by the fibres which is salient to the interfacial 
failure process. This property is the fibrillation of the fibre ends and occurs when 
Kevlar fibres are cut either with scissors or in an industrial chopping process. A 
Kevlar fibre cut in this manner has ends which are splayed out (Fig. 5.1), and not 
cleanly cut as in the case of a carbon fibre. The cutting process itself applies greatest 
shear stresses to the surface layers of the fibre, which in the case of Kevlar, causes 
extensive fibrillation of the fibre end [9]. The resultant fibrillated zone consists of 
numerous Kevlar fibrils interspersed with matrix, where the effective radius of the 
fibre is now larger whilst there is a corresponding dilution of the material properties of 
the fibre by those of the matrix. It will be shown that in short Kevlar fibre composites, 
fibrillation is responsible for localised matrix yielding at the fibre end (Mode (x) as the 
chief interfacial failure mode, and that this mode is prevalent until significantly high 
levels of applied strain on the composite are reached. Consequently, the failure Modes 
P and y which involve cracking of the interface at later stages of the failure 
progression, are suppressed until very high load levels are reached. 
Guild et al. [9] have modelled a short Kevlar 49 fibre embedded in an elasto-plastic 
epoxy matrix, using FE analysis. Fair correlation between FE and experimental fibre 
stress data was achieved, but exceptionally high von Mises interfacial strains were 
predicted in the vicinity of the fibre end. These von Mises matrix strains were found 
to be much higher than is reasonable in a real composite specimen. For example, for 
an applied strain of 1.2%, a von Mises strain of 60% was predicted. A strain 
concentration was found to occur for both a rounded fibre end and a sharp comer, 
indicating that the geometric singularity inherent to the sharp comer was not the cause 
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of the von Mises strain concentration. The reason for such a high strain concentration 
was that account had not been taken of the real fibrillated nature of the fibre end 
geometry. 
To account for this complex fibre-matrix interaction in the current study, two 
analytical fibre end fibrillation models (FEFM) have been developed in which the 
material properties are inhomogeneous. They are a one dimensional model, I-D 
FEFM, in which the material properties of the fibrillated zone are considered to vary 
with axial coordinate, z, and a two dimensional model, 2-D FEFM, where the 
variation is both a function of axial and radial, r, coordinates. 
5.2 Experimental Measurements at QMW 
A short Kevlar 49 fibre-epoxy composite has been subjected to an incremental loading 
program and the fibre stress profile monitored using the LRS technique for various 
levels of applied strain [8-9]. The axial stress distribution after the instigation of 
interfacial failure, was found to be trapezoidal in shape until a relatively high value of 
applied strain on the composite. In Fig. 5.2, the applied strain is 1.0% and there is no 
significant deviation in the fibre stress profiles from the initial Cox type, indicating 
the absence of cracking at the interface. The interfacial shear stress was found to 
exhibit a plateau with a value of approximately 45MPa in the region of the fibre ends, 
and then decay to zero away from the fibre ends in a Cox type elastic manner (see 
section 1.4). The value of 45MPa corresponds to the shear yield stress of the bulk 
matrix, so support is given to the micrographic evidence which indicates that 
interfacial plastic deformation occurs as the applied strain on the composite is 
increased [8]. This suggests a Mode a interfacial failure is prevalent for the Kevlar 49- 
epoxy composite system. The fibres, supplied by Du Pont, were approximately 12[im 
in diameter and a Ciba Geigy LY5052/LY1927 epoxy resin was used. Full details of 
the manufacturing procedure are given in [8] and material properties are given in 
Table 5.1. 
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In this test, the composite was subjected to incremental tensile applied strains of 0.5%, 
0.7%, 1.0% and 1.3%. The axial stress distribution along the length of the fibre was 
obtained for various levels of the applied strain, eapp- Values of axial stress in the 
fibre were considered for each point along one half of the fibre length, by averaging 
the experimental data at both ends of the fibre. 
5.3 Finite Element Analysis 
The axisymmetric FE model of the composite specimen covers one quarter of the 
diametral section, due to the symmetry of the problem (Fig. 5.3). The length of the 
fibre considered was 500ýLrn and was chosen to be greater than the transfer length of 
the system [8]. The mesh consisted of approximately 4,200 3-noded triangular and 4- 
noded quadrilateral axisymmetric linear elements. The tensile loading took the form 
of a uniform displacement imposed on those nodal points lying on the end face of the 
composite. 
Only the initial stages of the Progressional Approach were considered, since the 
experimental observations indicated a yielding mechanism of failure for the Kevlar 
system for applied strains below 1.0%. Thus the more advanced crack initiation and 
propagation stages of the Progressional Approach were not considered. The thermally 
induced fabrication stresses were modelled by a uniform temperature drop of 500C 
applied to all nodes in the FE model in the initial load step. The tensile loading was 
subsequently applied in incremental steps corresponding to the experimental applied 
strain levels (Section 5.2). 
The material properties for both fibre and matrix are given in table 5.1. The matrix is 
assumed to exhibit perfect plasticity after a von Mises equivalent strain of 4.2% has 
been reached. The corresponding tensile yield stress at this value of strain was 78MPa. 
The matrix was modelled as isotropic and the fibre was assumed to be elastic and 
transversely isotropic. Since polymers exhibit substantial vi sco elasto -plastic 
behaviour, the relaxed stress-strain behaviour was modelled. The matrix, over the 
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duration of the experiment, undergoes stress relaxation, thus reducing its effective 
elastic modulus at room temperature. The final relaxed tensile yield stress was taken 
to be 31 MPa [41], as shown in Fig. 5.4, corresponding to 40% of the unrelaxed value, 
which is thought to be representative of the extent of matrix relaxation. 
An initial confirmation of the plain (unfibrillated) fibre end, as modelled by Guild et 
al., was made. The fibre was modelled with a rounded comer, as shown in Fig. 5-5. 
A four finite-size cylinder discretisation of the fibrillated zone was made according to 
the I -D FEFM (see equations D. 1, Appendix D). Each cylinder was assigned elastic 
moduli calculated using a mean rcy, for the respective cylinder. A five by four 
discretization of the fibrillated zone was subsequently modelled, according to the 2-D 
FEFM (see equations D. 2, Appendix D). In this analysis, the modelling of the radial 
variation of the elastic moduli was achieved by each of the four cylinders used in the 
I-D FEFM model being subdivided into five concentric rings. The assignment of 
elastic moduli to each ring was then based on the mean radius for the respective ring. 
All cylinders and rings were modelled as transversely isotropic, in line with the 
assumptions of the FEFM which account for the transverse isotropy of the fibre 
component. The calculated elastic moduli for the cylinders and rings are given in 
Appendix D. 
5.4 Results and Discussion 
5.4.1 Plain fibre end model 
The von Mises strain concentration which occurs in the interfacial 
matrix adjacent to the fibre comer is 200% for e,, pp of 1.0%, as shown 
by the von 
Mises strain distribution along the interface (Fig. 5.6). The reason for the substantial 
increase in this value, in comparison with the Guild et al. result of 30% for the same 
model, is probably due to the higher degree of mesh refinement in this area of high 
strain gradients. A typical mesh element dimension in this region was 2ýtm in the 
Guild model, whereas it is 0.44m in the current analysis. 
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Due to this high von Mises strain concentration, a violation of criterion III (see section 
2-4) has occurred, thus invalidating these FE stress and strain fields as being a solution 
to the interfacial failure problem, for the Kevlar-epoxy system. This result confirms 
the inadequacy of the plain fibre end model in predicting the state of stress and strain 
in the real loaded Kevlar fibre composite undergoing interfacial failure. 
5.4.2 One-dimensional FEFM 
The initial thermal pre-load results in the matrix contracting around the stiff fibre, by 
virtue of the large thermal expansion coefficient differential between the matrix and 
fibre. This matrix contraction induces minor localised matrix yielding at the fibre 
comer, as shown by the contour map of von Mises strain, Fig. 5.7. The fibre is 
consequently put into slight compression. The induced von Mises strain maximum at 
the fibre comer was 4%. 
The subsequent tensile loading on the composite results in the deformed mesh as 
shown in Fig. 5.8, where the gradual non-uniform deformation of the fibrillated fibre 
end is clearly observed. A von Mises strain map, (Fig. 5.9), exhibits a maximum in 
the matrix near the fibre comer of 7%, for an eapp of 0.5%. This is more clearly 
observed in the interfacial von Mises strain distributions along the fibre (Fig. 5.10). 
The importance of the thermal pre-load in reducing von Mises strain concentrations, 
may be understood with reference to Fig. 5.11, where the interfacial shear strain 
distributions are presented (E12 being the in-plane shear strain). The thermal pre-load 
induces a shear strain in the matrix at the interface (Fig. 5.11), in a direction opposite 
to the mesh deformations of Fig. 5.8. When subsequent applied strains are imposed on 
the thermally prestrained composite, shear strains opposite to the thermal shear strains 
are observed. Thus, a shear strain reversal has occurred. This effectively means that 
the thermal pre-load reduces the von Mises strain concentration of any subsequent 
tensile loading, by an amount approximately equal to that generated by the thermal 
pre-load alone. This result has also been found by other authors [3 1 
]. 
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5.4.3 Two-dimensional FEFM 
The von Mises strain map of the fibre end region after the application of thermal pre- 
load and a subsequent applied strain of 0.5% (Fig. 5.12), exhibits a similar pattern as 
in the 1 -D FEFM model except that the von Mises strain concentration has reduced in 
value from 7% to 6%. There is also marginally more yielding within the fibrillated 
zone than before. The stress and strain fields are indicative of a Mode a interfacial 
failure mechanism. Since little difference is observed between the stress and strain 
fields predicted by the I-D and 2-D models, it may be concluded that the precise 
radial variation of elastic modulus within the fibrillated zone is a non-essential 
parameter. Thus the sensitivity of the overall solution with respect to the radial 
discretisation of the fibrillated zone will be minimal. 
The axial stress distributions for eappof 0.5% and 0.7% (Fig. 5.13), show very good 
correlation with the experimental data along the fibre length. For the higher levels of 
e. pp of 1.0% and 1.3% (Fig. 5.14), however, there is a substantial discrepancy between 
the experimental data and the FE predicted profiles. The reason for this discrepancy is 
due to the fact that a more advanced stage of the interfacial failure process has been 
reached which involves interfacial cracking. This may be appreciated with reference 
to the values of maximum von Mises strains induced at the fibre end. For the four 
levels of applied strain of 0.5,0.7,1.0 and 1.3%, the values of the maximum von 
Mises matrix strain (see Fig. 5.10) are 6% 10%, 37% and 72%, respectively. By 
substituting these values into the crack initiation criterion (Equation 2.2), it is clear 
that the last two values fail the criterion by a significant margin, thus indicating the 
initiation of an interface crack at the location of the fibre comer, since the matrix will 
effectively rupture at this level of applied loading on the composite. Thus, Mode (X 
failure is prevalent for applied strain levels below 1.0% whereas it is more complex 
for applied strains in excess of 1%. 
The way in which fibrillation reduces the fibre end strain concentration may be 
ascertained by the consideration of a small element of matrix adjacent to the interface 
near the fibre comer, refer Fig. 2.3. This element is being sheared by the action of the 
tensile loading and the stiff fibre resisting the load. Since the fibrillated fibre end 
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modulus is comparable to that of the matrix, the fibre end itself deforms significantly 
in a non-uniform manner (Fig. 5.8), effectively reducing the amount of shearing on 
the matrix element than would otherwise be induced without the existence of such 
fibrillation. This is evident as observed by the reduction in the strain concentration 
from 200% in the plain fibre end model, to 37% in the fibrillated fibre model, for the 
same level of applied strain (1.0%). By comparison with the carbon fibre system in 
which fibrillation does not exist, the same element of matrix would be subjected to 
substantially higher levels of shear, which would lead to the early onset of crack 
initiation, as will be the subject of Chapter 6. Thus fibrillation, in reducing the strain 
concentration at the fibre end that would otherwise exist, effectively delays the onset 
of interfacial fracture during incremental tensile loading. 
It may be concluded that at the higher levels of applied strain, an interfacial failure 
Mode transition is occurring from pure Mode (x to a mixture of Mode cc with Mode P 
or y. This transition is suppressed and occurs at a higher applied strain level than in 
the carbon fibre system, due to the existence of Kevlar fibre-end fibrillation. Thus, 
purely Mode (x interfacial failure is prevalent in the Kevlar system for applied strains 
of up to 1%, which are representative of the normal service loads that a composite is 
likely to be subjected to. The failure modes involving interface fracture are not 
observed within this loading range for Kevlar fibre systems, but are characteristic of 
carbon fibre systems for the same loading range. 
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Kevlar 49 flbre LY5052/1927 Matrix 
(relaxed properties) 
Axial Tensile Modulus, GPa 115 1.78 
Transverse Modulus, GPa 7 1.78 
Axial Tensile Strength, GPa 3.6 (fracture) 31 X 10-3 (yield) 
Axial Fracture Strain, % 2.9 4.2 
Axial Poissons Ratio 0.40 0.36 
Transverse Poissons Ratio 0.33 0.36 
Axial CTE*, /K -5.2 x 
10-6 58x 10-6 
Transverse CTE*, /K 41.4 x 10-6 58x 10-6 
* Coefficient of Thennal Expansion 
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Fig. 5.2 LRS fibre strain data for a Kevlar-49 fibre showing trapezoidal nature of 
distribution [8] 
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Interface Crack Propagation 
6.1 Introduction 
The analysis of the interfacial failure progression in a short carbon fibre composite 
system subjected to tensile loading is complex in that all the stages of the interfacial 
failure progression must be considered. The analysis presented in this chapter will 
demonstrate that the stages of the Progressional Approach consist of the following 
stages: The thermal residual stress state is followed by the application of tensile 
loading in which a linear elastic stress transfer regime across the interface is prevalent. 
As the tensile loading on the composite continues, localised matrix yielding (Mode a) 
at the fibre end is induced until a point is reached at which an interface crack initiates, 
Mode P. This crack subsequently propagates along the interface in tandem with the 
incremental applied loading that is driving it. An experimental scanning-electron 
microscope micrograph of the fractured surface of a carbon fibre, whose interface has 
not been pre-treated with a sizing that would otherwise have increased the interfacial 
bond strength, is shown in Fig. 1.4. This clearly shows the interface crack that has 
developed as a result of the application of high tensile loading on the specimen. 
During propagation of the crack, the cracked interface will be subjected to significant 
compressive stresses across it, arising from both the thermal stresses and as a 
consequence of the Poisson ratio differential between fibre and matrix. Due to the 
rough surface morphology of the cracked interface, frictional stresses will be induced 
where the fibre will attempt to recoil into its unloaded shape. There will hence be 
continued reinforcement of the matrix but through a frictional mechanism. Thus, 
under a frictional stress transfer regime, the fibre's reinforcement capability will be 
shown to be reduced but not eliminated, as the interface crack propagates. This is in 
direct contrast to a matrix crack, Mode y, in which frictional stress transfer does not 
exist due to the opening mode of the matrix crack. 
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6.2 Finite Element Model 
Approximately 4,500 four-noded quadrilateral axisymmetric elements were used to 
construct the model. The selection of linear 4-noded as opposed to quadratic 8-noded 
elements is due to their superior modelling of contact and interface problems [421. 
The area of the FE mesh in the vicinity of the fibre end is shown in Fig. 6.1. Interface 
elements are defined along the fibre-matrix interface and, during the initial stages of 
loading, the interface is defined as perfectly bonded. However, during crack initiation 
and propagation along the interface, the interface element nodes become debonded 
and the two resultant crack faces are now able to interfere with each other, if the crack 
is 'closed', thus permitting the transmission of normal stresses. Furthermore, 
depending on the value of the coefficient of friction specified, shear stresses will be 
supported across the cracked interface and relative slipping may occur between the 
two crack faces. The Coulomb stick-slip friction model [43] is employed in this 
analysis. 
The fibre is modelled as transversely isotropic linear-elastic, and the matrix as 
isotropic elasto-plastic. A table of the material properties is given in Table 6.1. The 
stress-strain curve for the epoxy matrix is given in Fig. 5.4, and corresponds to the 
low strain rate at which the LRS experimental measurements were made, which was 
of the order 10-7 s-1. For such strain rates, the matrix undergoes viscoelastic stress 
relaxation and consequently the effective modulus for any given value of strain is 
substantially reduced [44,45]. The FE analysis in this study therefore applies to 
elasto-plastic behaviour at low strain rates, since the relaxed matrix stress-strain curve 
has been employed. Additionally, given the geometry of the interface crack and the 
loading on the specimen, there are no areas of matrix in which the dilatational 
component of the stress tensor is compressive, thus the pressure 
dependency of matrix 
yield [46] is not significant in Mode P interfacial failure. 
This is not the case, 
however, in Mode y failure where the geometry of the matrix crack creates large 
volumes of matrix in dilatational compression. 
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The FE loading history is highly non-linear in nature and consists of multiple load 
steps. An example of the ABAQUS input data file showing the various load-step 
definitions, is given in Appendix B. Initially, a uniform 500C temperature drop is 
applied to all the nodes in the mesh to simulate the thermal curing effects induced 
during fabrication of the composite specimen. The subsequent tensile loading takes 
the form of a uniform displacement imposed on the nodes on the end-face of the 
model. After the application of a given level of applied strain, interface element nodes 
are then debonded at the fibre comer in the subsequent load step, thus simulating the 
initiation of a crack. During the debonding of interface nodes, a new solution for the 
stress and strain fields is found by the iterative solution procedure in ABAQUS which 
takes into account the fact that shear stress transfer across the interface is now only 
permissible through friction. Thus, a new displacement field is also iterated for, 
which accounts for the resultant relative slipping that occurs between the crack faces. 
Strain energy release rate calculations are then made at the two crack tips, using the 
well-known fracture mechanics path-independent contour J-integral developed by 
Rice [47]. 
The latter part of the loading history consists of alternate load steps of increments in 
the applied loading, followed by extensions of the crack length, which are achieved by 
specifying a new length of interface nodes to be debonded ahead of the existing crack. 
This type of procedure thus simulates crack propagation due to the increases in 
applied loading that precedes it. 
Parenthetically, we may note that special crack tip elements, such as the ones 
designed by Barsourn [48-49], are not applicable to a bi-material interface crack. 
These elements are formed by either moving the mid-side nodes to the quarter points 
[48], or preferably by collapsing one side of a quadrilateral element [49], thus 
imposing a (IM) singular stress field for the linear elastic case (Westergaard-Irwin 
solution [50]), or a (1/r) singularity for the elastic-perfectly plastic case (Rice- 
Rosengren solution [5 1 ]). Such crack tip elements are intended for use in the case of a 
crack in a homogeneous material. 
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6.3 Results and Discussion 
6.3.1 Thermal and initial tensile loading stages 
The initial thermal loading, caused by the temperature drop during the fabrication 
process, puts the fibre into compression, since the matrix has a higher coefficient of 
thermal expansion than the fibre. The contraction of the matrix around the fibre also 
induces localised yielding at the fibre end (Mode cc), as shown by the contour map of 
von Mises strain in Fig. 6.2. The maximum von Mises strain is about 15% occuring at 
the fibre comer, but this does not lead to crack initiation in accordance with the crack 
initiation criterion of Section 2.3.4. This is because the dilatational component of the 
strain tensor is compressive throughout the matrix, as shown by the contour map of 
the pressure strain component (negative dilatational strain) in Fig. 6.3. Subsequent 
tensile loading of the specimen puts the fibre into tension, and at an applied strain of 
about 0.3% on the composite, the localised yielding in the matrix reaches a value of 
strain that violates the crack initiation criterion (equation 2.2). A von Mises strain map 
for this situation is shown in Fig. 6.4(a) in which a maximum strain of 8.5% is 
observed in the matrix adjacent to the fibre comer. Fig. 6.4(b) shows the pressure 
component of strain, which is revealed to be tensile in the matrix region adjacent to 
the fibre end, thus supporting conditions for local matrix rupture due to the yielding. 
Thus, until this point in the failure process, a Mode a interfacial failure regime has 
been prevalent. 
6.3.2 Crack initiation and propagation stages 
Initiation of an interface crack is modelled by the debonding of interface element 
nodes in the vicinity of the fibre comer. The consequent strain concentrations, as 
expected, occur at the two crack tips (Fig. 6.5), one of which is oriented towards the 
interface and the other towards the fibre end. Strain energy release rate evaluations 
were made at both crack tips using the J-Integral facility in ABAQUS [42]. The crack 
tip at the fibre end was found to have a SERR of about five times that of the interface 
tip. In accordance with the crack propagation criterion (equation 2.3), we conclude 
that the end tip propagates first thus completely debonding the fibre end, as shown by 
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the deformed mesh of Fig. 6.6. It may be considered that the fibre-comer crack is 
therefore a transitional state, and hence that the fibre end instantaneously debonds 
when a given amount of matrix yielding occurs in the fibre end vicinity. Thus we have 
an interfacial failure mode transition in which the Mode cc regime has developed into 
a mixture of Mode cc and P. 
The interface crack, propagating in tandem with the applied load incrementations that 
are driving it, may be observed in the deformed mesh of Fig. 6.7, where the crack 
shown is of length 10ýtm. The shearing effect of the fibre on the more compliant 
matrix at the cracked interface is also evident. The matrix elements immediately 
adjacent to the fibre are observed to possess a significant shear strain, if the deformed 
mesh (solid lines) is compared with the undeformed mesh (dashed lines). Also, from 
the relative displacements of the matrix and fibre elements at the interface, relative 
slipping of the cracked interface is clearly observed, highlighting the 'stick-slip' 
nature of frictional stress transfer. 
The choice of the value of coefficient of ffiction was based on FE-predicted fibre 
stress distributions obtained during a parametric analysis. In this preliminary analysis, 
the influence of a propagating interface crack on the fibre stress distribution was 
investigated for various values of the coefficient of ffiction. The interface crack was 
initiated and propagated according to the same non-linear loading history as in the 
main analysis. The interface crack lengths considered were 10,20,30,40 and 50 [tm. 
The applied tensile load was kept constant throughout the crack propagation stage. 
Separate analyses were carried out for four values of the coefficient of friction 
specified at the cracked interface, which were 0.2,0.4,0.6 and 0.8. The analyses 
produced fibre stress profiles for the five crack lengths, as shown in Figs. 6.8-11. Two 
distinct regions were observed. The region of interfacially cracked fibre had a linear 
fibre stress take-up profile, whereas the rest of the intact fibre had a Cox-type elastic 
stress profile. Additionally, the location of the interface crack tip (i. e. distance along 
the fibre) was found to manifest itself in the stress profile as a point of inflection. 
Since this relationship held irrespective of the value of coefficient of friction, It was 
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concluded that the point of inflection had an exclusive dependency on the crack 
length. Thus the actual crack lengths werc inferred directly from the LRS data. 
The gradient of the linear region was found to be a positive function of the coefficient 
of friction specified for the crack faces. The relatively steep gradient of the linear 
regions in the experimental stress profiles indicate a value for the coefficient of 
ffiction in the range 0.8-0.9. Such a high value is not unexpected given the rough 
surface morphology of the fibre and the chemical reactivity of the carbon basal planes 
at the surface [1]. The experimental stress profiles that were used for comparison with 
the FE predicted profiles, were those having far-field fibre stress values of 1.0,2.5 and 
3.0 GPa. The distances from the fibre end of the points of inflection were measured 
directly from these experimental profiles as being 4ýtm, 15ýtm and 25vtm, 
respectively. FE predictions of fibre stress distributions for interface cracks having 
these lengths, with a coefficient of friction of 0.9, are presented together with the 
corresponding experimental data superimposed in Figs. 6.12-14. Very good 
correlation is obtained between the experimental and FE profiles, thus confirming the 
Mode 8 interfacial failure regime as being the dominant one in this carbon-epoxy 
system. 
Analytical solutions for the fibre stress profiles induced in the presence of an interface 
crack in a single fibre tensile-loaded composite, have been made by Piggott [21]. A 
fundamental difference between the stress profiles found in this study and those 
predicted by Piggott is the shape of the transition region between the linear take-up 
region and the Cox-type intact region. According to Piggott, this transition is abrupt 
and is a point of mathematical discontinuity, Fig. 2.1 (b), whereas the transition has 
been found in this analysis to be smooth. The discrepancy arises due to the 
assumption of linear elasticity in Piggott's analysis, which induces the singularity in 
stresses at the crack tip thus creating the discontinuity in the fibre stress profile. Thus, 
the crack tip plastic zone manifests itself as a smooth transition in the fibre stress 
profile. The characteristic fl-shape fibre stress profile is therefore the fingerprint of 
Mode P interfacial failure, since indirect evidence of such a failure mechanism is 
revealed by observation of the fibre stress profiles. 
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6.3.3 Friction and interfacial fracture toughness 
The nature of the crack surfaces and the stress regime that is supported across the 
crack, will almost certainly influence the value of the coefficient of friction that exists 
between the cracked fibre and matrix. The coefficient of friction between a soft epoxy 
polymer surface and the series of hard asperities on the surface of the fibre is, in 
general, sensitive to a number of parameters [43]. The visco-elasticity of the matrix 
will influence the deformation component of friction. Additionally, increasing non-nal 
stresses on the interface crack will affect the true area of contact through the 
mechanisms of junction growth and formation of transfer films, thus influencing the 
adhesion component of ffiction. Hence the coefficient of ffiction itself becomes an 
implicit function of the normal stresses and the effective area of contact. This 
phenomenon is a second-order effect, and consequently does not significantly affect 
the fundamental analysis of frictional stress transfer across the interface. 
The interfacial fracture toughness employed in the crack propagation criterion was 
considered to be the same as that of the opening Mode 1. This is a non-essential 
assumption and requires elaboration. Fracture toughnesses of any given bi-material 
interface depend strongly on the mode mixity ahead of the crack tip [52-53]. This is in 
contrast to the case of an isotropic homogeneous material whose fracture toughness is 
approximately equal to the Mode I toughness and is insensitive to the mode mixity of 
the loading. The interfacial fracture resistance for a given interface is more accurately 
specified by a toughness curve which is an empirical function of the mode mixity or 
phase angle at a given distance ahead of the crack tip [52-53]. Such an approach 
would allow a more exacting evaluation of the crack propagation criterion in a 
fracture mechanics environment. 
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Carbon flbre Matrix LY5052/1927 
(relaxed properties) 
Axial Tensile Modulus, GPa 
Transverse Modulus, GPa 
Axial Tensile Strength, GPa 
Axial Fracture Strain, % 
Axial Poissons Ratio 
Transverse Poissons Ratio 
Axial CTE*, /K 
Transverse CTE*, /K 
* Coefficient of Thermal Expansion 
392 1.78 
20 1.78 





10-6 58x 10-6 
25.0 x 10-6 58x 10-6 
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Pressure Dependent Yield and Matrix Cracks 
7.1 Introduction 
The pressure dependent yield property of thermosetting polymer matrix materials is 
one that affects their fundamental yield behaviour [46]. One of the basic postulates of 
general three-dimensional plasticity theory is that the yield function is independent of 
the dilatational component of stress [45]. This is not the case for certain materials 
whose yield function exhibits a significant dependency on the dilatational stress 
component [46]. A modified yield surface that is commonly employed in place of the 
regular von Mises or Tresca yield surfaces is the Drucker-Prager yield surface [see 
Appendix E]. Because of the nature of the modified yield surface, pressure 
dependency is only significant for composite systems which contain areas of matrix in 
dilatational compression, or are subjected to dilatational compression at some point 
during their loading history. This typically occurs during the propagation of matrix 
cracks in Mode y interfacial failure. Hence pressure dependent yield is pertinent to 
Mode y failure and not to Mode P, as described in Section 6.2. 
The objective of the analyses presented in this chapter was to investigate the influence 
of pressure dependent yield on the induced fibre stress profiles under a mode 
interfacial failure regime. 
7.2 Model Details 
The mesh used in the analysis was similar to that containing the interface crack 
(Chapter 6), except that interface elements were defined at the fibre end and then into 
the matrix along a line of length 90ýim at an angle of 20' to the fibre axis, simulating a 
conical matrix crack geometry in three dimensions. The line was defined as being 
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perfectly bonded during the initial stages of the analysis, as with the interface crack 
analysis, but no coefficient of friction was defined for the cracked surfaces post- 
fracture since the matrix crack was subjected to an opening mode and thus no 
interference between the crack faces would be possible (see section 4.4). 
The fibre and matrix behaviour were defined as in previous non-linear analyses except 
for the yield function of the matrix being defined as that of the Drucker-Prager model. 
The yield surface cone angle was varied from 00 to 700 and the mesh subjected to a 
non-linear multi-stage loading history based on the Progressional Approach. This 
consisted of a thermal pre-load of -500C, a subsequent tensile applied strain of 0.3% 
followed by fibre end debonding. The latter part of the loading history consisted of a 
tensile applied strain of 1.0% followed by crack extensions to form matrix cracks of 
20ýtm, 40ýLm, 60ýtm and 90ýtm, which was achieved by the incremental debonding of 
the interface element nodes along the pre-defined 200 matrix crack line. An example 
of the ABAQUS input data file for this non-linear analysis is given in Appendix B. 
The values of the yield surface cone angle, y, for which the analysis was performed 
were 00 (corresponding to the regular von Mises yield surface [Appendix E]), 130,250, 
37 0,50' and 700. 
7.3 Results and Discussion 
The thermal pre-load, the subsequent 0.3% tensile loading and fibre end debonding 
stages (crack initiation) of the interfacial failure process produced results identical to 
those of the interface crack analysis, since the loading history was correspondingly 
identical. This applied in all cases for all values of the yield surface cone angle that 
were considered. The reason for this was that the dilatational component of stress 
throughout the matrix for these early stages of the loading history was tensile, and 
hence the pressure dependency of yield did not play a major role. 
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7.3.1 Pressure independent yield (y=O) 
Once a tensile strain of 1.0% has been applied and the matrix crack has propagated to 
a length of 20ýLm, the deformed mesh of the fibre end region Fig. 7.1 reveals gross 
shear deformation in the interfacial matrix (matrix adjacent to the interface). This 
deformation remains once the crack had further extended to 40ýtm as shown in Fig. 
7.2. In the von Mises strain map for the 20ýtm crack, Fig. 7.3, the darker areas indicate 
areas of matrix that have yielded in excess of 20%. This is apparent at the crack tip 
plastic zone, and also at the interface due to the induced gross shear deformation. 
There is also permanent deformation at the fibre end that has been previously induced 
during the crack initiation stage of the failure process. 
The fibre stress distributions for the four crack len hs are presented superimposed in 9t 
Fig. 7.4. The characteristic S-shape fingerprint observed in the linear-elastic matrix 
crack analyses of Chapter 4 is again observed in the profiles. This S-shape is fairly 
pronounced especially when compared with the Q-type fibre stress distributions 
associated with Mode P failure (Figs. 6.8-14). Also, a zone of compressive stress is 
observed to have been induced in the region of the fibre end. Detailed comparisons 
between the modes of failure and the implications for the global composite properties 
will be the subject of Chapter 8. 
7.3.2 Pressure dependent yield (y>O) 
For the extreme case of the yield surface cone angle of 70', the previously observed 
gross shear deformation of the interfacial matrix is not seen in the deformed meshes 
incorporating 20ýtm and 40ýtrn cracks of Figs. 7.5-6. The 20% yield boundaries 
consequently only appear at the crack tip and fibre end, as shown by the von Mises 
strain map for the 20ýirn crack, Fig. 7.7. The fibre stress distributions of Fig. 7.8, 
however, do not exhibit the minor compression zones previously observed in the case 
of pressure independent yield. More fundamentally, the fibre stress profiles are 




For intermediate values of y, the extent of matrix yielding at the interface is less, as 
shown by the variation of the maximum yield strain with y, Fig. 7.9. 
7.3.3 Development of fibre compression zones 
In order to explain the phenomenon of the development of compressive zones in the 
fibre end region, and its interaction with the pressure dependency of yield, the 
response of a small element of interfacial matrix located at 40ýtm from the fibre end, 
will be considered during the latter stages of the loading history on the composite 
specimen (refer Fig. 2.3). 
On application of the 1.0% applied strain to the composite containing the fibre end 
crack, the matrix element undergoes large-scale yielding at a yield stress of 31MPa 
and reaches a final von Mises strain of 80%. Subsequently, as the matrix crack 
propagates, the region of matrix under the crack is released from its loaded state. With 
the exception of the interfacial matrix sub-region, the remainder of this matrix region 
is elastic and thus returns to zero strain on unloading. The interfacial matrix sub- 
region, however, is permanently deformed and thus the plastic strain component is 
residual on unloading, due to the significant hysteresis in the loading-unloading curve 
(Fig. 7.10). The profiles represented in Fig. 7.10 depict the behaviour of the matrix 
element during the entire loading history for both pressure independent and dependent 
yield regimes. Since the primary component of the von Mises strain is the in-plane 
shear strain, the interfacial matrix posseses a significant residual shear strain. Thus the 
elastic remainder of the matrix region under the crack returns to zero strain, acting on 
the residual shear strain in the interfacial matrix subregion (Fig. 7.11), which in turn 
compresses the fibre end. The interfacial matrix subregion is in a state of dilatational 
compression and thus will not rupture forming cracks. 
For the case of the 70' cone angle, the interfacial matrix element undergoes virtually 
no yielding on application of the 1.0% applied strain, due to the existence of 
significant dilatational stresses (averaging -15MPa) induced during the loading of the 
composite containing the fibre end crack. It should be noted that the dilatational 
stresses would otherwise have been tensile in the absence of the fibre end crack, as 
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has been demonstrated in the tensile load step (immediately before crack initiation) in 
the interface crack analysis (see section 6.3.1). Thus loading of the composite 
specimen containing a fibre end crack that has been initiated during the analysis, 
produces different results than if the crack was pre-existent in the model, or if there 
was no crack at all, as is commonly assumed in numerous analyses by other authors 
(see literature survey). Hence interaction of the non-linear phenomena of yielding and 
crack initiation according to the Progressional Approach is observed, which lead to 
important conclusions as regards the progression of failure. The yield stress for the 
level of pressure induced is greater than the value of 55MPa obtained by the 
interfacial matrix element (see Fig. 7.10). Thus the response of the entire region of 
matrix under the crack, including the interfacial matrix sub-region, is elastic. 
Consequently as the crack propagates, the entire matrix region returns to zero strain 
on unloading. Due to the absence of residual shear strain in the interfacial matrix 
subregion, the fibre end zone is not put into compression on unloading. 
7.3.4 Fibre stress variation with y 
The sensitivity of the fibre stress take-up profiles to the angle y is emphasized by the 
graph showing the variation of the nominal fibre stress with y, once the matrix crack 
has propagated to a length of 90ýtm, Fig. 7.12. The nominal fibre stress value was 
taken to be that at a distance of 100ýtm from the fibre end. It is evident that the fibre 
stress profiles are substantially influenced by the amount of pressure dependency 
exhibited by the matrix. The stress value is increased by approximately 90%, when 
comparing that induced under the pressure independent yield regime, y= 00, with that 
of Y= 700. This confirms that the pressure dependency of yield is not a secondary 
parameter with regard to Mode y failure but, on the contrary, plays a significant role 
with regard to the level of stress supported by the fibre. This would have important 
implications for the reinforcement efficiency of the fibre during the interfacial failure 
process. 
7.3.5 Crack retardation analogy 
The development of compressive zones near the fibre ends may be considered 
analogous to the phenomenon of crack retardation in fatigue crack growth in fracture 
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mechanics [23]. In this case, the crack tip plastic zone that has been formed during 
cyclic loading is compressed by the remainder of the elastic body containing the crack 
during the unloading phase of the cycle, thus creating residual compressive stresses at 
the crack tip. Subsequent cycling of the specimen thus results in retarded crack growth 
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Interfacial Failure Mode Comparative Study 
8.1 Introduction 
The analysis of interfacial failure, thus far, has concentrated on the micro-mechanical 
considerations of the problem. More specifically, attention has been given to the 
causes and mechanisms of the various Modes of failure, whether they be by a 
propagating interface crack (Mode P) or by a propagating matrix crack (Mode y) or 
simply by interfacial yielding (Mode oc). Also the factors that characterise and 
influence the failure modes have been investigated, such as the coefficient of friction 
across the interface crack and the pressure-dependency of yielding in the matrix. 
However, the overall influence of these failure modes as regards the composite 
specimen as a whole have not been considered. Designers are interested in the global 
properties of the composite and how they will be influenced by the inducement of 
cracks or localised yielding during service. The relevance of the failure modes with 
respect to global composite behaviour is a subject not well understood; however, such 
considerations form the bridge between micro-mechanical analyses and macro- 
mechanical composite performance. 
This chapter is concerned with the critical comparison of the failure modes and their 
importance as regards global composite behaviour. 
8.2 The Failure Modes 
Fig. 8.1-2 present the fibre stress profiles for a single fibre composite specimen loaded 
in tension, undergoing P and y Modes of interfacial failure, respectively. The Mode P 
0-shape profile consists of an initial linear region, a smooth transition zone and an 
elastic take-up curve, which correspond to frictional stress transfer across the interface 
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crack, the crack tip plastic zone and elastically-bonded regions, respectively. The 
Mode y S-shape profile consists of an S-shaped take-up curve followed by the 
elastically bonded portion, where tlie steepness of the S-shape being proportional to 
the crack geometry. As has been previously shown, these take-up curves may be 
considered to be the "fingerprints" of the Mode P and Mode 7 failure modes since 
they indirectly reveal the prevalent failure mode in a composite during a given loading 
history. 
In examining the profiles with regard to the efficiency of reinforcement, it becomes 
evident that as the mode P interface crack propagates, it leaves behind a region of 
fibre which reinforces the matrix through a ffictional stress transfer mechanism. The 
linear portion of the fibre stress profile lengthens in tandem with the propagating 
crack and consequently the reinforcement capability of the fibre is not eliminated but 
merely reduced. On the contrary, on propagation of a Mode y matrix crack, the fibre 
stress take-up profile drops to zero and the S-shape is observed to move forward 
leaving behind it an unloaded portion of increasing size. Hence in Mode y, fibre 
reinforcement capability is being diminished to a comparatively greater extent than in 
Mode P. Effectively, the stress transfer length increases at a larger rate under a Mode y 
failure regime than with mode P. 
In order to evaluate the relative fibre reinforcement capability reduction, a 
comparative analysis of the impact of the failure modes on the global properties of the 
composite specimen is necessary. One of the most important global properties for 
design purposes is the composite modulus of elasticity, E,. 
8.3 Global Composite Properties 
There is a wide range of test data available for the mechanical behaviour of full 
composites under various forms of loading, particularly uniaxial tensile stress-strain 
data [1,54]. To date, the majority of testing has been with regard to ascertaining the 
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effects of macroscopic parameters on the composite properties such as the fibre 
volume fraction, presence of interfacial coupling agents and environmental moisture. 
However, the problem with stress-strain curves obtained for a variety of composites is 
that the source of any non-linearity demonstrated is not apparent. It may be due to the 
non-linearity in the matrix response, or the initiation of locallsed interface or matrix 
cracking, or a combination. In short, the direct and explicit influence of a given failure 
mode on the global response of the composite is, as yet, indeterminate. 
In order to ascertain the influence of the interfacial failure mode progression on the 
composite modulus, the stress-strain responses of the composite specimens based on 
the FE data have been plotted, Fig. 8.3. The graph presents response profiles for the 
carbon fibre system undergoing Mode P and y failure. The linear-elastic profile is that 
derived from the analysis of Chapter 4 in which the restricting assumptions yield a 
theoretical profile, from which the 'real' profiles deviate on account of the various 
failure mechanisms. The measure of global stress used is the sectional stress on the 
composite averaged over the fibre radius, qj, A measure of stress averaged in this 
manner ensures applicability of the modulus-reduction evaluation to the case of multi- 
fibre systems where the same mode of failure is likely to occur at a number of fibre 
end locations. Qualitative evaluations of composite response based on profiles derived 
in this manner are primarily valid in a comparative context, since the nominal 
composite specimen responses will, to a limited extent, be dependent on specific 
specimen dimensions. It was established that the effective modulus was insensitive to 
model dimensions larger than the current model dimensions, since the effective zone 
of fibre reinforcement (or effective volume fraction [1,17]) was smaller than the 
selected model dimensions. It is immediately clear from Fig. 8.3 that Mode P type 
failure has, by a significant factor, less influence on the stress-strain response of the 
composite than Mode y. 
The composite modulus, Ec, may then be plotted as a function of the composite strain, 
Fig. 8.4, by application of the following equation: 
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Ec (c) =d (uzlr ) (8.1) de 
The LE profile, by definition, grossly overestimates the composite modulus for all 
levels of strain, since the composite is supporting abnormally high levels of elastic 
strain energy. The substantial deterioration of Ec in the presence of a Mode 7 crack is 
emphasized, when compared with the Mode P modulus profile. The reduction in 
efficiency may be quantified with reference to Fig. 8.4. At 0.5% level of strain, the 
composite with Mode P has sustained a 5% reduction in modulus whereas with Mode 
ya 35% reduction is resultant. This disparity in modulus reduction is particularly of 
importance in the 0- 1% applied strain range, since this may be regarded as the 
service loading range that a composite component is likely to be subjected to. Within 
this range, Mode y interfacial failure is far more destructive to the composite modulus 
than Mode P. 
8.4 Controlling Modes of Failure 
From the comparative analysis of the two chief interfacial failure modes, it is evident 
that Mode y is more damaging than Mode P, the former leading to a substantially 
greater reduction in global composite modulus over the applied strain range. Thus it is 
desirable to promote interface cracks rather than matrix cracks, given that crack 
initiation is an inevitable occurrence during the interfacial failure process. This is 
because with an interface crack, there is substantial frictional stress transfer as well as 
crack containment within the interfacial zone, factors both of which maintain high 
reinforcement efficiency of the fibre during Mode P failure. However, encouraging 
cracks to propagate along the interface requires the absence of a strong interface, 
which would otherwise drive the cracks into the matrix. Thus we reach the counter- 
intuitive conclusion that increasing the interfacial bond strength is detrimental to the 
composite modulus, and hence to composite performance. This is not quite true, since 
a weak interface would also lead to the weak transverse strength of the composite. So 
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there is a trade-off between axial global modulus and transverse strength, when 
reducing the interfacial bond strength. 
The interfacial strength may be controlled by means of coupling agents such as fibre 
coatings or sizings and decoupling agents [1]. Fibre coatings and sizings generally 
tend to increase the bond strength, i. e. the interfacial fracture toughness, and 
decoupling agents tend to weaken the interface. Designing the interfacial bond 
strength with a view to balancing all the global properties of the composite is a 
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Interfacial Failure in Multi-Fibre Systems 
9.1 Introduction 
The primary source of interfacial failure in long fibre composite systems is the failure 
induced during the spontaneous fracture of one of the loaded fibres. During the 
loading program on the composite, the inducement of fibre fracture and consequent 
damage zone is likely to initiate successive fractures in adjacent fibres, which would 
then lead to catastrophic failure of the lamina as a whole. The effects of fibre ends and 
the associated interfacial failure induced at these locations are of secondary 
importance, due to the inherent low fibre-end density in long fibre composite systems. 
In the consideration of interfacial failure in short fibre composites, the representative 
volume element (RVE) of the system is that of a single short fibre surrounded by a 
finite volume of matrix, refer Fig. 1.2(a). In addition to being axisymmetric, the 
system has the advantage of being simpler to analyse. This is, however, not the case 
for long fibre composite systems in which a fibre has fractured, where the RVE now 
includes portions of the surrounding fibres, refer Fig. 1.2(b). These surrounding fibres 
play a key role in reinforcement during the fracture of any given fibre, since the load 
bome by the fractured fibre is re-distributed to the surrounding intact fibres. 
9.2 Fracture in Multi-Fibre Composites 
If a long-fibre unidirectional lamina is subjected to incremental tensile loading, the 
axial stress is initially uniform along the length of the fibres. When the applied 
loading is gradually incremented, there will come a point at which the fracture stress 
will be reached at a weak location in the fibre. The fracture strength variation over the 
length of any given sample of fibres is given by the Weibull cumulative probability 
distribution function [55]. Fracture may occur at a random location in the fibre and 
the probability of fracture has been found to be proportional to the length of fibre. The 
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situation is fundamentally different to that of failure in short fibre composites in the 
sense that the fracture of long fibres and the ensuing interfacial failure is essentially a 
dynamic process, so any static FE analysis of such a phenomenon will be, by 
definition, quasi-static. The spontaneous fracture of a fibre will cause the formation of 
a penny-shaped crack as well as a consequent redistribution in the load being carried 
by the adjacent intact fibres. This load redistribution will manifest itself as a stress 
amplification in the adjacent fibres near the location of the fracture. Figs. 9.1-2 show 
both Mode P and y type failure that would be induced following spontaneous fibre 
fracture. 
The reasons for why a spontaneous fibre fracture may be globally catastrophic for the 
composite lamina are two-fold. First, there is the marginal weakening of the lamina as 
fewer fibres are now carrying the load. More importantly, however, is the additional 
localised stress amplification in the adjacent fibres which will lead to the increase in 
the probability of successive fibre fractures. Cumulative weakening of the lamina will 
consequently occur with further successive fibre fractures until its reinforcement 
capability is completely diminished, thus representing global failure of the lamina. 
Of primary interest in the analysis presented in this chapter, are the precise 
mechanisms involved and the modes of interfacial failure induced at the location of a 
fibre fracture. By modelling this process in accordance with the Progressional 
Approach, the post-fracture redistribution of stress in the surrounding intact fibres 
may be obtained. Also, an understanding of the influence of various modes of 
interfacial failure on global lamina strength may be gained. By measuring the 
predicted stress amplification factors (SAF) in these adjacent intact fibres, it is 
possible to infer relative probabilities as regards successive fractures in the lamina. 
9.3 Experimental Data at QMW 
The composite specimen that was tested at QMW consisted of seven pre-treated 
M40B-3K-40B carbon fibres, supplied by Soficar (Toray) Industries, in parallel planar 
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alignment, Fig. 9.3. The inter-fibre distance was 8[tm. The fibres were 6.6 pim in 
diameter and had a standard level of oxidative surface pre-treatment. The epoxy resin 
was the LY-HY 5052 Ciba Geigy used in previous studies. Full specimen fabrication 
details are given in [56]. 
In a similar manner as with the single fibre specimen testing, the multi-fibre 
composite was subjected to incremental tensile loading, and the fibre stress 
distributions were measured along the length of all seven fibres for various levels of 
applied strain., by Galiotis et al.. The technique used for measurement was the 
recently developed remote laser Raman microscopy (ReRaM) [10,56], which utilizes 
flexible fibre-optic cables for laser delivery and receiving to and from the 
measurement probe. This permits operation of the micro-probe in multi-angle 
positions thus facilitating the testing of a variety of composite specimen geometries. 
Monitoring of the fibre stress distributions was performed throughout the incremental 
tensile loading program. When one of the fibres was observed to fracture, fibre stress 
measurements were taken with reference to the location of the fracture. Thus 
distributions of stress in all seven fibres were obtained pre- and post-fracture, with the 
measurement datum as the fibre fracture location. From these distributions, SAF 
calculations were made. Comparisons with the FE predictions produced in the current 
analysis were made and inferences made as to the interfacial failure modes in 
operation at each stage. 
9.4 Finite Element Analyses 
The 3D FE model (Fig. 9.4) represents one octant of the composite specimen due to 
the existence of three orthogonal planes of symmetry in the model geometry, (refer 
Fig. 9.3). On each of these planes of symmetry in the FE model, appropriate boundary 
conditions were applied to all constituent nodes to prevent displacements in the 
associated normal directions. A cross-section of the mesh is shown in Fig. 9.5 in 
which may be depicted the quarter-section of the central fibre and the three half- 
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sections of the adjacent fibres. A higher level of mesh refinement in the region of the 
central fibre has been employed in expectation of high stress and strain gradients that 
will be induced following central fibre fracture. The mesh consists of approximately 
14,200 8-noded brick elements and the length of the model was 600ýtm- The fibre was 
modelled as transversely isotropic and the matrix as elasto-plastic (relaxed modulus), 
and the material properties of fibre and matrix are as given in Table 6.1. 
The non-linear loading history consisted of four separate load steps. The two initial 
load steps were identical to the thennal pre-load and tensile load steps used in the 
previous single fibre analyses. Hence, a uniform temperature drop of 50 OC was 
applied to all nodes in the model, followed by a uniform displacement (equivalent to 
an applied strain of 0.3%) in the axial direction, imposed on nodal points lying on the 
end face of the model. The third load step allowed spontaneous fracture of the central 
fibre and the consequent initiation of a penny-shaped crack. In order to simulate this 
fracture event, the boundary condition on nodes on the end of the central fibre were 
removed in this load step thus freeing the fracturing surface. The fibre end was thus 
permitted to recoil to an unloaded state during this load step, with the exception of the 
shearing effect of the surrounding matrix acting on the fibre. The concluding load step 
was a straightforward increase in the applied strain on the composite to 0.5%, in order 
to correlate results with the experimental data. 
In view of the excessively large plastic strains that will be shown to be induced in the 
current analysis, the analysis was repeated for the case of a fractionally larger 
transverse crack being inititiated during the fibre fracture load step. The simulation of 
this event required that the boundary constraint was additionally removed on nodes 
falling within a 0.5ýtm radial zone adjacent to the fibre fracture, as shown in Fig. 9.6. 
This secondary analysis was performed in order to more fully ascertain the nature of 
the local interfacial failure phenomenon. 
151 
9.5 Results and Conclusions 
The deformed mesh is presented in Fig. 9.7 showing the matrix contraction due to the 
thermal cooling of the composite post-fabrication. The contour map of axial stress 
shows compressive stresses induced in the fibres that are larger in the exterior fibres, 
Fig. 9.8. This is because the exterior fibres have greater exposure to the contracting 
matrix and are thus put into a higher level of compression, thereby 'shielding' the 
inner fibres which consequently sustain lower stresses than their exterior counterparts. 
However, the value of fibre stress does not exceed 120MPa which is significantly 
lower than the thermal stress induced in the single fibre specimens of previous 
analyses. This is due to the fact that there are now seven fibres resisting the therinal 
contraction of the matrix, and also due to the absence of finite volumes of matrix at 
the fibre end faces, which otherwise serve to reinforce the contraction, as in the case 
of single fibre specimens. A low plastic strain of 10% is sustained in the matrix, as 
shown in the contour map of von Mises strain of Fig. 9.9, and occurs in locations of 
maximum shear induced at the interface. It should be noted that the dilatational 
component of the stress tensor is compressive throughout the matrix, hence 
suppressing possible rupture of thermally-induced yielding matrix. This result was 
also obtained in the thermal stage of the single fibre analyses (refer Section 6.3.1). 
A subsequent uniform applied strain of 0.3% induces uniform stresses throughout all 
the fibres, as shown in the contour map of axial stress of Fig. 9.10. There are no strain 
concentrations in the system, due to the absence of geometrical discontinuities and 
also due to the intactness of the interface along all the fibres during these initial load 
steps. Since the tensile stress in the fibres is now approximately equal to the lower 
bound of the fracture stress range (1.3GPa), the central fibre was permitted to fracture 
in the following load step. 
Once fracture and subsequent recoil of the fibre end occurred, the resultant stress state 
in the fibres is shown in Fig. 9.11. The fractured fibre end sustains a minimal level of 
stress with gradually increasing stress along the fibre further away from the location 
of the fibre fracture. Also, the corresponding stress amplification in the adjacent fibre 
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near the fibre fracture location is clearly visible, Fig. 9.12. Fibre stress profiles are 
presented for the three adjacent fibres as well as for the central fractured fibre itself, in 
Figs. 9.13-16. 
9.6 Limitations of the Analysis 
During the release of elastic strain energy by the fibre post-fracture, the fibre is 
observed to recoil as shown in the deformed mesh, Fig. 9.17. In doing so, excessive 
interfacial matrix yielding is induced over a large portion of the fibre length. 
;j 
Examination of the von Mises strain map reveals an unacceptable maximum strain 
value of 1130% in the vicinity of the fibre fracture, Fig. 9.18. This result is invalid 
since it violates criterion III (see section 2.4), and inevitable due to the fact that there 
is no allowance for crack propagation consequent upon the high plastic strains 
induced during the analysis. This is due to the absence of a crack propagation criterion 
in the current analysis. It should be noted that an FE predicted value of gross plastic 
strain in excess of 50%, in a small-strain analysis such as this, is indicative of the 
inducement of severly warped mesh elements, which consequently produce inaccurate 
results. The subsequent load step in which the applied strain on the composite is 
incremented to 0.5% serves only to worsen the severe non-linearity in the system, as 
shown by the sharp increase in von Mises strain in the profiles of Fig. 9.19. 
A quasi-static consideration of the physical fracture process will be useful in 
appreciating the importance of crack propagation during fibre fracture. At the instant 
fracture occurs and a penny-shaped crack is created, an element of matrix located at 
the crack tip would be momentarily subjected to a high strain. Once the fractured fibre 
end begins to recoil, relieving itself of elastic strain energy, the matrix element is 
subjected to increasingly higher levels of strain. Because of the high strain rate 
involved in this process, the actual stress-strain response of the matrix will be that of 
profile A, the instantaneous modulus in Fig. 9.20, and not of profile B, the relaxed 
modulus [44-45]. Parenthetically we note that profile A is approximately linear 
elastic, but with an upper bound on the stress level that is permissable before brittle 
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fracture of the matrix occurs. Hence profile A only describes the matrix response for 
the fracture stage of the interfacial failure process. Profile B, is valid for all other 
stages pre- and post-fracture, as has been assumed in the single fibre elasto-plastic 
analyses. The matrix element subjected to such a high strain rate will hence fracture in 
a brittle manner at a relatively early stage of the fibre recoil, and matrix yielding 
would consequently be suppressed. The preferred failure mode is likely to be that of a 
matrix crack rather than an interface crack, due to the fact that the fibres in this system 
are pre-treated. This fibre pre-treatment increases the interfacial fracture toughness 
hence 'driving' the crack into the matrix. Upon completion of the fractured fibre's 
recoil, it is expected that a large area of brittle fracture in the form of a Mode y matrix 
crack will have been created in the system, in a manner as shown in Fig. 9.2. 
Since the current analysis does not include progressive matrix fracture driven by fibre 
recoil, the matrix is only able to yield to impossibly high values of plastic strain thus 
predicting incorrect solutions, as has been shown in the current analysis. However, 
what may be said with a high degree of certainty, is that the interfacial failure process 
induced during spontaneous fibre fracture is primarily Mode y, with the manifestation 
of Mode cc being minimal. 
The current analysis is a quasi-static analysis of an essentially dynamic process, with 
the induced matrix crack being driven by fibre end recoil, and travelling at high 
velocity during its formation. In contrast, the fibre-end debonding stage of the 
interfacial failure process for short fibres is also considered to be instantaneous (See 
Section 6.3.2), but is several orders of magnitude less explosive than the fibre fracture 
event considered here, due to the lower strain energy release associated with the fibre 
end debonding. With reference to the message file that was produced during the 
numerical solution by ABAQUS, it was found that a matrix plastic strain of 70% was 
predicted at a fibre recoil increment of 30% of the complete recoil distance. That is to 
say the surrounding matrix would already have fractured even before the fractured 
fibre had recoiled 30% of its stress relieving distance. 
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The FE predicted SAF values in the adjacent fibres, based on the stresses in the 
profiles of Figs. 9.14-16, were calculated to be 1.13 for the first-adjacent fibre, and 
1.01 for the second and third fibres. These values were found to remain unchanged 
when the applied strain was subsequently incremented to 0.5%. The SAF calculated 
from the experimental fibre stress profiles for an applied strain of 0.5% was found to 
be 1.20 for an inter-fibre distance of 8ýLm [56]. The FE value underestimates the 
experimental SAF due to the excessive interfacial yielding and suppression of matrix 
crack formation. This is because the large shearing effect of the recoiling fibre is 
being absorbed by the abnormally compliant matrix and not being fully transferred, 
via brittle crack propagation, to the adjacent fibres. Hence the yielding matrix is 
effectively 'shielding' the adjacent fibres from the higher stress amplification post- 
fracture, that would otherwise normally exist. 
In the analysis involving the initiation of a fractionally larger penny-shaped crack, the 
deformed mesh of the recoiled fibre shows large local shear in the matrix elements 
near the crack tip. The peak von Mises strain at the crack tip was found to be 
substantially lower than before at 500%, Fig. 9.21. The fibre stress profiles, however, 
were found to be very similar with those induced in the case of the smaller crack. This 
suggests that although a larger matrix crack significantly lowers the local strain 
concentration, its dimensions are still insufficient to represent the real equilibrium 
solution. The lowering of the strain with crack length indicates the requirement of 
additional matrix crack growth, as a result of excessive plastic strain at the crack tip 
(with the matrix elastic response as given by profile A). A more exhaustive analysis of 
this phenomenon would entail the use of a crack extension criterion dependent on the 
maximum stress induced at the crack tip, to be evaluated at each increment of the fibre 
recoil process. Hence matrix crack growth would occur simultaneously with, and be 
driven by, fibre recoil, as occurs in the real dynamic process. 
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9.7 Global Lamina Failure Mechanisms 
It may be extrapolated that once a matrix crack has formed at a given fracture 
location, the probability of successive fractures in surrounding fibres will increase as 
the matrix crack propagates and encounters intact fibres. It is conceivable that the 
crack could be arrested or blunted by an adjacent fibre thereby causing the crack to 
deflect out of its original direction and propagate along the interface of the fibre. 
Experimental observations to support these type of failure mechanisms have been 
made using polarized light micrograph investigations by other authors [57]. It was 
found that tensile-loaded multi-fibre composites specimens, similar to the pre-treated 
fibre system in the current analysis, reveal an alignment of fractures induced in 
adjacent fibres, upon the fracture of a given primary fibre. This alignment of 
successive fibre fractures was found to overrule the influence of randomly distributed 
fractures occuring due to the Weibull variation in strength over fibre length [55]. On 
the contrary, composite specimens consisting untreated fibres were found to possess 
minimal alignment in fibre fractures (i. e. random), as well as large areas of Mode P- 
type interface cracking. These observations may be explained by the fibre surface pre- 
treatment effectively increasing the interface bond strength which consequently drives 
the crack into the matrix, on fracture of a given fibre. This leads to higher SAF's 
consequent upon the propagating matrix crack, which results in a higher alignment of 
adjacent fibre fractures. However, for the untreated fibres where the interface strength 
is low, interface cracks are formed during fracture and the associated stress 
distribution in the adjacent fibres causes successive fractures, but at a distance from 
the original fracture plane [57]. 
Thus the counter-intuitive conclusion is reached that fibre-matrix bond strengthening 
through specific fibre surface pre-treatments, or coupling agents, is damaging to the 
global strength of the composite lamina. Recently, toughness-reducing fibre coatings 
have been developed which promote the initiation of interface cracks on fibre fracture 
and also the de-flection of approaching matrix cracks at the interface, which 
consequently increase the toughness of the composite as a whole [58]. 
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A mechanism, which has been found in the current investigation to produce lower 
SAF's, is to allow localised yielding in the vicinity of the fibre fracture to occur, thus 
shielding the adjacent fibres from high SAF's and reducing the probability of 
successive fibre fractures. This will inevitably require the addition of a third material 
phase, or interlayer, whose high strain-rate response is fairly compliant, unlike that of 
the matrix materiaL which behaves linear-elastically. Such design would lead to the 
containment of the interfacial failure zone induced upon fibre fracture and would 
consequently prevent large-scale deterioration in the global composite reinforcement 
efficiency. 
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Conclusions and Future Research 
10.1 Conclusions 
The Progressional Approach for the analysis of interfacial failure, developed in this 
research, is intended to be rigorous and comprehensive in that the process is 
considered to consist of a series of discrete stages and account is taken of the various 
systemic non-linearities. The chief sources of non-linearity are matrix plasticity and 
the inducement of matrix or interface cracks together with the associated frictional 
stress transfer. FE analyses based on the Progressional Approach are more realistic in 
that the complex failure mechanisms have been incorporated. 
Finite element analyses of various single and multi-fibre composite systems 
undergoing specific modes of interfacial failure were performed in accordance with 
the Progressional Approach. The predicted fibre stress distributions characteristic of a 
given mode of failure were obtained and correlation was made with LRS data, for 
various levels of applied loading. 
The modelling of the initial thennal loading on the composite predicted compression 
in the fibres and minor localised yielding in the interfacial matrix. The thermal 
yielding was concluded to be inconsequential on account of the dilatational strain 
being compressive and thus suppressing possible ductile rupture of the yielding 
matrix. 
Kevlar-49 fibres undergo extensive fibre end fibrillation in which the material 
properties vary non-uniformly throughout the fibrillated zone. This effect was found 
to be responsible for exclusively yielding at the interface, Mode cc, as the prevalent 
interfacial failure mode for applied strain levels below 1%. Modes of failure involving 
interface fracture were concluded to be suppressed until applied strain levels in excess 
of I%, where the localised yield strain exceeded the ductile fracture strain. 
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Carbon fibre systems fail by the initiation and propagation of cracks either intd-. the 
matrix (Mode y), or along the interface (Mode P) depending on the condition of the 
interface. It was found that Modes P and y possess 0-shaped and S-shaped fibre stress 
profiles, respectively. These were established to be their characteristic 'fingerprints' in 
that they reveal the prevalent failure mode during the loading sequence on the given 
composite specimen. Mode P involved significant frictional stress transfer across the 
cracked interface in which a high coefficient of ffiction estimated to be 0.8-0.9. was 
found to exist. For Mode y, the propagation of matrix cracks led to the inducement of 
a more pronounced S-shape. Also for this mode, the pressure-dependency of matrix 
yield was found to influence the fibre stress take-up profiles significantly. 
In comparing the effect of the two interfacial failure modes on the global composite 
modulus, Mode 7 was found to be substantially more detrimental than Mode P. It-was 
concluded that reinforcement efficiency was compromised by a factor of up to. 35% 
during the inducement and propagation of matrix cracks. 
For the case of spontaneous fibre fracture in continuous multi-fibre systems, 
substantial fibre stress redistribution in the surrounding intact fibres was found to 
occur post-fracture. Stress amplification factors of 1.13 were obtained in the 
immediately adjacent fibres. The analysis demonstrated the importance of matrix 
cracking as the chief form of failure consequent upon fibre fracture, as opposed to 
gross matrix yielding in the fracture zone. 
10.2 Future Research 
10.2.1 Systems incorporating interlayers 
The Progressional Approach may be applied to a single short-fibre systems in which 
there exists an interlayer between the fibre and matrix. The interlayer, either in the 
forrn of a fibre coating or a fibre sizing, may be modelled using material properties to 
represent the variety of coatings commonly employed. Such analyses would provide 
an insight as to favourable material properties for the 
interlayer that would lead to the 
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maintenance of high levels of fibre reinforcement efficiency during the interfacial 
failure process. It is likely that a favourable mode of failure could be localised 
yielding in the interlayer during the early stages of failure, followed by the initiation 
and propagation of interface cracks contained within the interlayer region. Hence the 
interlayer may be beneficial in the containment of interfacial failure during the 
loading sequence. 
10.2.2 Inter-Laminar Failure in Composite Laminates 
The Progressional Approach may be extended to the case of a full composite laminate 
subjected to incremental tensile loading. This may be considered the most important 
application of the approach commercially, since both intra-laminar and inter-laminar 
failure modes and their complex interaction would be the focus of the analysis. A 
common laminate is that of a 0/900 crossply laminate in which adjacent laminae are 
mutually perpendicular, as shown in Fig. 1.1. It has been established that for a 
crossply laminate subjected to tensile loading, matrix cracking in the transverse plies 
precedes successive fibre fractures and matrix cracking in the axial plies [59]. The 
Progressional Approach should be able to predict the likely sequence of events and 
the interfacial failure consequent to these intra-laminar mechanisms. Hence the 
influence of these events on the inter-laminar stresses and consequent delamination 
failure will be ascertained. Thus, intra-laminar failure would be demonstrated to be 
the root stage of the inter-laminar failure process. 
The model may also be used to establish the scale of deterioration of the global 
composite modulus with interfacial failure and subsequent delarnination. Hence, 
examination may also be made of the validity of the various assumptions made in the 
analytical calculation of the laminate modulus. These include the assumption of 
linear-elasti city of the constituent lamina moduli, those used in the calculation of the 
transverse lamina moduli (Halpin-Tsai expression) [60], and the Kirchhoff 
assumptions employed in the evaluation of the global laminate modulus [61 ]. 
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APPENDIX A Laser Raman Spectroscopy Experimental Measurement 
The Materials Department at QMW have, over the past decade, conducted numerous 
investigations into application of the high resolution stress measurement technique of 
LRS. Various single and multi-fibre composite specimens of a variety of systems have 
been tested, particularly under a program of incremental tensile loading. For each test, 
the axial stress or strain distributions along the length of the embedded fibre were 
obtained for various levels of applied strain. This measurement technique relies on the 
fact that the Raman frequency of the atomic vibrations of crystalline reinforcing 
fibres, such as aramid or carbon, is a function of the axial stress in the fibre at that 
location [14]. 
The experimental set-up is given in Fig. A. 1. The composite specimen was placed in 
the mechanical tester and the Raman measurement probe translated on a specially 
designed rig next to the specimen. Flexible fibre optic cables connected the probe to 
both the laser and spectrometer which delivered and received the laser beam, 
respectively. 
Raman spectra were obtained using the 514.5nirn (green) beam of an Ar-Ion laser as 
the excitation wavelength. The laser beam was directed through a series of mirrors to 
a modified Nikon microscope which was used to focus the laser beam onto aI ýtm 
spot on the fibre via an objective lens. The 1800 backscattered beam was collected by 
the same microscope and focused on the entrance slit of a SPEX 1877 triple 
monochromator spectrometer. Finally, the dispersed light from the spectrometer was 
directed to a Wright Instruments charge-coupled device (CCD) detector, employed as 
the photon detecting system, and the Raman spectrum was recorded on a PC for 
specific wavelength windows. 
All frequency peak values were derived by applying Lorentzian fitting routines to the 
raw data obtained from the CCD detector. Unique Raman frequency versus fibre 
stress calibration curves, produced for each type of fibre, were used to convert the 
182 
measured Raman frequency to an axial stress or strain distribution along the length of 
the fibre. 
Examples of raw fibre stress data along the length of the fibre is shown for a Kevlar- 
49/epoxy system for four applied strains, Fig. A. 2, and also for a high-modulus 
carbon/epoxy system at two levels of applied strain, Fig. A. 3. A slight kink in the 
carbon take-up profiles is observable when comparing the carbon with the Kevlar 
profiles. This corresponds to an exclusively yielding interfacial failure mechanism in 
the Kevlar system as contrasted with a primarily interfacial cracking mechanism for 
the carbon system. 
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A. I LRS expeiinlental set-tip 
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APPENDIX B A-BAQUS and Solution Methodology 
IABEIAQUS is an advanced finite element software package that is powerful and 
versatile, particularly in the realrn of non-linear analyses. The models used in this 
research were generated using the FEMGEN pre-processsor, solved using ABAQUS 
5.4 [42] remotely at the University of London Computer Centre, and the results 
analysed using the FEMVIEW post-processor. 
The first stage in performing an analysis was the generation of a suitable mesh based 
on the geometry constructed using FEMGEN. The ABAQUS input data file was then 
produced containing all mesh, material, loading and boundary condition definitions. 
After solution by ABAQUS, the final stage involved the visualisation of the stress, 
strain and displacement fields within FEMVIEW. 
In this Appendix, the latter sections of the ABAQUS input data files are presented for 
both the interface crack analysis (Chapter 6) and matrix crack analysis (Chapter 7). 
The nodal coordinate and element definitions are not shown, however, given the large 
model size. An explanation of the basic structure of the input file, together with the 
commands used, is given below. 
B. 1 Interface Elements 
Interface elements are defined using the *INTERFACE command. These special 
elements are defined along the fibre-matfix interface and allow the transmission of 
normal stresses if the surfaces are in contact. A Fortran program is also presented, 
after the input data files, which allowed the automatic definition of interface elements 
for use in the ABAQUS input files. The advantage of the program was the efficient 
creation of multiple interface elements which were produced from a Fortran input 
file 
containing only the interfacial nodes. 
The interface is defined as being perfectly bonded at the beginning of the analysis 
using the *BOND SURFACE command. Addition of the *FRICTION command then 
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allows the transmission of shear stresses across the interface post-fracture, according 
to the coefficient of friction specified. 
B. 2 Material Properties 
The *MATERIAL command contains the *ELASTIC and thermal expansion 
coefficient data. The ENGINEERING CONSTANTS option of *ELASTIC allows the 
definition of an orthotropic material requiring nine independent elastic constants. In 
the case of carbon and Kevlar fibres, their transverse isotropy is represented by five 
independent elastic constants. The order of the nine moduli in the *ELASTIC 
command is: 
EI 1, E22, E33, v12, v13, v23, G12, G13, G23 
where El I=E33, v12=v23, and G12=G23 for transverse isotropy in the 1-3 coordinate 
plane. The moduli are expressed in units of N/(ýtin)2 . The thermal expansion 
coefficients are then defined in the *EXPANSION command. For the isotropic matrix 
definition, only the elastic modulus and Poisson ratio are required in the ISO option of 
*ELASTIC. The plastic behaviour of the matrix is defined by *PLASTIC where the 
stress-strain curve is represented digitised using values of stress at various levels of 
the plastic strain increment. 
The *SOLID SECTION command defines the allocation of the various material 
property definitions to the various parts of the structure. 
B. 3 Loading History 
The loading history consists of a series of load-steps which, in a progressive manner, 
modify the stress/strain fields in the model induced by the previous load step. The 
solution procedure in ABAQUS is controlled using an automatic incrementation 
scheme in which a given load-step is divided up into a number of increments. 
Numerous iterations are performed for each increment until an equilibrium solution is 
converged to within the tolerance specified. Depending on the rate of convergence, the 
incrementation scheme will select smaller or larger increments, as necessary, thus 
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optimising computation time. The tolerance on the nodal force residuals may be 
changed from the 0.5% default value using the *CONTROLS command in the load- 
step definition. 
Each load-step starts and ends with *STEP and *END STEP, respectively. The 
STATIC command indicates that the analysis is static and the values given show the 
starting, maximum and minimum increment sizes that may be employed during the 
incrementation scheme. The RESULTS OUTPUT CONTROL section formats the 
output files generated during the solution procedure. 
The thermal load is applied to all nodes in the model using the *TEMPERATURE 
command together with the value of the temperature change. Tensile load steps are 
prescribed using *BOUNDARY, in which the magnitude of the displacement (in ýtm) 
is specified. Cracks are initiated along previously defined interfaces using the 
*DEBOND and *CRACK GROWTH commands. Within these commands are 
specified the rate of crack growth throughout the load-step as well as the location and 
size of the crack. *J-INTEGRAL evaluates the SERR at the crack tip using a specified 
number of contours and crack propagation direction. 
The *BOUNDARY command applies the boundary condition to all nodes on the 
plane of symmetry at the centre of the model which allows no axial displacement. For 
the simulation of spontaneous fibre fracture during the multi-fibre analysis, the 
boundary condition is removed non-linearly over the load step on nodes on the 
fracture surface of the fibre. 
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S24 S29 S6 S30 S2 S4 
S7 'Sio 'sl 'Sg Sig S20 S27 S28 S31 S32 S36 IS8 S13 S16 S26 S37 S38 
*ELSET, ELSET=PHY2 






*SOLID SECTION, ELSET=PHY1 MATERIAL=M2 





*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.020 0.392 0.020 0.030 0.270 0.030 
0.012 
*EXPANSIONeTYPE=ORTHO 










250. OE-07,. 0035 
310. OE-07,. 0116 





764 790 816 842 868 894 920 946 971 
1175 2803 28 04 2805 
*BOUNDARY 
XAXIS 2,2 
HISTORY DEFINlTION ... 
**INIT1AL THERMAL LOADING 
, S5 S3 
, S21 S22 
, S14 S12 
, S33 S34 











, 1-0 ,o *TEMPERATURE 
ALLNODE 
, -50 
RESULTS OUTPUT CONTROL 
ASCII OUTPUT FORMAT SELECTED 
*FILE FORMAT, ASCII 
*EL PRINT, ELSET=S35, FREQ=201, POSITION=AVERAGED AT NODES 
S, E 
*NODE PRINT, NSET=XAXIS, FREQ=201 
u 
*EL FILE, FREQ=201, POSITION-AVERAGED AT NODES 
S, E 
*NODE FILE, FREQ=201 
u 
*END STEP 
*** ** * ** ** ** *** *** 16, * ****** *** ** * ** *** ****** *** 
, -k*INCREMENTAL "Yield-Max" APPLIED DISPLACEMENT 
*STEP, INC=200 
*STATIC 
0.1 r 1.0 to 
*NSET, NSET=SIDE 
1532 1548 1564 1580 1596 1612 1628 1644 1660 
1788 1804 1821 1838 1855 1872 1889 190ý 1923 
*BOUNDARY 
SIDE 1 2,2f -0.4 
*BOUNDARY 
XAXIS f 2,2 
*END STEP 
**INITIATE CRACK AT FIBRE CORNER 
*STEP, INC=200 
*STATIC 






















"FULLY DEBOND FIBRE END 
I *STEP, INC=200 
*STATIC 
0.1 ,1 .0 'o 
-*DEBOND, ELSETýCRACK 
1676 1692 1708 1724 1740 1756 1772 





1 . 0,0 *NSET, NSET=END 
2154,3594 





APPLIED STRAIN REF: 0.4 %+4 micron crack 
*STEP, INC=200 
*STATIC 













0.1 1 1.0 10 *NSET, NSET=SIDE 
1532 1548 1564 1580 1596 1612 1628 1644 1660 
1788 1804 1821 1838 1855 1872 1889 1906 1923 
*BOUNDARY 
SIDE 1 2,2, -1.3 
*BOUNDARY 
XAXIS r 2,2 *END STEP 
1676 1692 1708 1724 1740 1756 1772 
1940 1957 1974 1991 2008 2025 
APPLIED STRAIN REF: 0.6 %+ 15 micron crack 
*STEP, INC=200 
*STATIC 














, 1.0 'o 
*NSET, NSET=SIDE 
1532 1548 1564 1580 1596 1612 1628 1644 1660 





XAXIS r 2,2 
*FýND STEP 
1676 1692 1708 1724 1740 1756 1772 
1940 1957 1974 1991 2008 2025 
-k i**)*************************************** 
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APPLIED STRAIN - REF: 0.8 %+ 25 inicron crack 
*STEP, INC=200 
*STATIC 













0.1 , 1.0 'o *NSET, NSET=SIDE 
1532 1548 1564 1580 1596 1612 1628 1644 1660 
1788 1804 1821 1838 1855 18'72 1889 1906 1923 
*BOUNDARY 
S IDE f 2,2, --6.0 
*BOUNDARY 
XAXIS r 2,2 
*END STEP 
1676 1692 1708 1724 1740 17-56 177: 
1940 1957 1974 1991 2008 2025 
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S24 S29 S2 S4 S5 S3 S7 'Si S9 'Sig S20 S21 S22 S27 S28 S31 S32 S36 S37 S6 S8 'Sio S14 S30 S12 S34 S13 S38 S40 S41 
*ELSET, ELSET=PHY2 






*SOLID SECTION, ELSET=PHY1 MATERIAL=m2 





*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.020 0.392 0.020 0.030 0.270 0.030 0.012 0.008 
0.012 
EXPANSION, TYPE=ORTHO 




102. OE-05,0.360 '0.000 
*PLASTIC 
120. OE-07,0. 
250. OE-07,. 0035 





217 234 251 268 285 302 319 336 352 
1766 1767 1768 1769 1770 1771 1772 
*BOUNDARY 
XAXIS 2,2 
HISTORY DEFINITION ... 
**INITIAL THERMAL LOADING 





f 1.0 ,0 *TEMPERATURE 
ALLNODE 
f -50 
RESULTS OUTPUT CONTROL 
ASCII OUTPUT FORMAT SELECTED 
*FILE FORMAT, ASCII 
*EL PRINT, FREQ=201, POSITION=AVERAGED AT NODES 
S, E 
*NODE PRINT, FREQ=201 
u 
*EL FILE, FREQ=201, FOSITION=AVERAGED AT NODES 
S, E 
*NODE FILE, FREQ=201 
u 
*END STEP 
"INCREMENTAL "Yield-Max" APPLIED DISPLACEMENT 
*STEP, INC=200 
*STATIC 
0.1 , 1.0 'o *NSET, NSET=SIDE 
757 765 773 781 789 797 805 813 821 829 
888 897 906 915 924 933 942 951 960 969 
1032 1041 1050 1059 1068 1077 1086 1095 1104 1113 
*BOUNDARY 
SIDE f 2,21 -0.4 *BOUNDARY 
XAXIS 1 2,2 *END STEP 
"INITIATE CRACK-20 (Fully debonds fibre end) 
*STEP, INC=200 
*STATIC 
0.1 , 1.0 'o *CONTROLS, PARAMETERS=FIELD, FIELD=DISPLACEMENT 















0.1 1 1.0 ,0 
*NSET, NSET=SIDE 
757 765 773 
888 897 906 
1032 1041 1050 
*130UNDARY 
IDE 2, SI 
837 845 853 861 870 879 
978 987 996 1005 1014 1023 
1122 1131 
781 789 797 805 813 821 829 837 845 853 861 870 879 
915 924 933 942 951 960 969 978 987 996 1005 1014 1023 




r *END STEP 
INCREMENTAL CRACK PROPAGATION 
*STEP, INC=200 
*STATIC 
0.1 ,1 .0 'o *CONTROLS, PARAMETERS=FIELD, FIELD=DISPLACEMENT 
0.01,0.1 
... 










































Fortran Program to create interface elements 
the fibre and matrix nodes on the interface. 
c PROGRAM TO DEFINE 2-D LINEAR INTERFACE ELEMENTS5 IN 
c ABAQUS DECK-INPUT FILE ............................ c BY RAJAT B. NATH ........................ AP FT IL 1996 c 
PROGRAM INTER 
INTEGER F(1: 1000), M(1: 1000), I, EMAX, E 
OPEN (8, FILE="INTERIN") 
OPEN (9, FILE=" INTEROUT") 
E=9000 
READ (UNIT=8, FMT=*) EMAX 
DO 20, I=1, EMAX, l 
READ (UNIT=8, FMT=*) F(I) 
20 CONTINUE 
DO 30, I=1, EMAX, l 
READ (UNIT=8, FMT=*) M(I) 
30 CONTINUE 
DO 40, I=l, (EMAX-1) ,1 





C STRUCTURE OF INPUT FILE "INTERIN": 
C INTEGER REPRESENTING NUMBER OF NODE-PAIRS ON INTERFACE 
C LIST OF NODES ON FIBRE (LEFT TO RIGHT) 
C LIST OF NODES ON MATRIX (LEFT TO RIGHT) 
C HOW TO PRODUCE AN OUTPUT FILE "INTEROUT": 
C TYPE: f77 inter. f 
C TYPE: a. out 
C TYPE: cat INTEROUT 
C 
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APPENDIX C Stress and Strain Tensor Components 
The stress tensor may be resolved into two component tensors: 
cri I G12 Cy 13 cy I I-P Cr 12 
(721 CY22 ý323 CY21 C722-P 
(7731 CY32 CY33 C731 ý332 





where P=1 /3 
( CF II+ Cy 12 +G 13 
) 
The deviatoric component of stress is also known as the von Mises or distortional 
component [45]. 
The dilatational component of stress is also known as the spherical, octahedral- 
non-nal, volumetric or bulk component [62,63]. Further, the negative value of 
dilatational component may sometimes be referred to as the hydrostatic component. 
The strain tensor may also be resolved as: 
E: j 1 612 613 ell-D 612 613 D00 
621 622 623 621 622-D 623 +0D0 
631 F132 633 631 632 633-D 
)00D) 
strain tensor strain deviator strain dilatation 
where D= 
1/3 ( 611 + 612 + F-13 ) 
The deviatoric components of stress or strain represents a distortion of a given 
element of material independent of the volumetric change. The dilatational 
components represent the volumetric change in shape of the element isolated from the 
general state of stress. The plastic behaviour of solids is a primary function of the 
deviatoric components and normally independent of the dilatational components. 
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APPENDIX D Fibre End Fibrillation Models 
In the I -D FEFM, account is taken of the material property variation in the z direction. 
We may consider an infinitesimally thin elemental cylinder within the fibrillated zone 
(Fig. D. 1), with a mean radius r,,,, and thickness dz. The cylinder is assumed to 
contain a mixture of fibre uniformly interspersed with matrix, where vf and v.. are the 
respective volume fractions. The volume of fibre in the cylinder is equal to the 
volume of the fibre in the un-fibrillated fibre, radius rp Thus the fibre volume fraction 
is given by 
vf = (Af dz) / (Ayl dz) 
where AYj and Af are the cross-sectional areas of the cylinder and un-fibrillated fibre, 
respectively. The fibre is considered to be transversely isotropic and linear elastic, and 
the matrix to be isotropic and non-linear elasto-plastic. Following a rule of mixtures 
argument, the effective tensile modulus of the cylinder is a weighted average of those 
of the fibre and matrix, given by 
Ecy, (s) = Ef . vf + 
E, (E) . 
(1 -vf) 
where Ecy, is the cylinder tensile modulus in a given coordinate direction, Ef is the 
fibre tensile modulus in the same coordinate direction, Em is the matrix tensile 
modulus (independent of coordinate direction since isotropic) and E is the given level 
of strain. 
Substituting for vf, we have: 
Ecy, (F-) = Ef . 
{Af / Acy, 1+ Eý, (s) . 
(1 - {Af / Ay, 1) 
Which simplifies to yield: 
Ecy, (E) = Ef . 
{rf Ircy, 12+E.. (c) 
. 
(1 - {rf Ircylý 
2) 
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Similarly, for the shear moduli, we have the corresponding expression: 
Gcyl (F, ) = Gf - 




where GcYj is the cylinder shear modulus in a coordinate plane, Gf is the fibre shear 
modulus in a coordinate plane and Gm is the matrix shear modulus. 
Since the second term in each equation is always much smaller than the first terrn, 
over the range of strain considered, we may ignore the non-linearity of the matrix 
stress-strain curve with negligible error. Thus the equations simplify to yield: 
E, 
yj 
Ef. Irf Iry, 12 + E,,, . (1 - Irf Iry, 12) 
Gcy, Gf 
- 
Irf Irc 22 (D. 1) 
, yll 
+ G. - 
(I - Irf Ir,, yi) 
Both equations define the variation for the elastic moduli in all coordinate directions, 
since the fibrillated zone is transversely isotropic due to the influence of the fibre. 
Hence, the elastic moduli of a given cylinder are solely functions of axial coordinate, 
z, along the fibrillated zone, since as z decreases, rcy, increases linearly. When rý--ryj 
the equations reduce to the desired result of the fibre elastic moduli. 
In the 2-D FEFM, we consider that the material properties vary in both the axial and 
radial directions. It is probable that towards the axis of the fibrillated zone, penetration 
of the matrix becomes progressively more difficult. Hence the extent of fibril dilution 
by the matrix will be maximum at the periphery of any given cylinder, and minimum 
at the axis. Thus, the material in the peripheral region of the fibrillated zone will have 
lower elastic moduli than that nearer the axis. It is assumed that the variation of 
material properties is linear with respect to the radial axis coordinate, and further, that 
the elastic moduli on the axis of the zone are three times their corresponding values at 
the periphery. The average value of the radially varying tensile elastic modulus of a 




(r) = ar 
where a and b are coefficients determined by the boundary conditions: 
Ecr(0) ý1 .5 Ecyl E(ryl) = 0.5 Ecyl 
Solving for a and b, we have for the tensile and shear moduli variations within the 
cylinder 
Ecr(r) = Ecy, (3/2 - rlryll 
Gc, (r) = Gcy, {3/2 - rlryl) (D. 2) 
where E, Yj and GYj are given by equations (D. 1). 
The four cylinder discretisation of the fibrillated zone according to the I D-FEFM is 
shown in Fig. D. 2, where the material properties MI, M2 SURFI-SLTRF4 represent 
those of the fibre, matrix and the four cylinders, respectively. 
The five by four ring discretisation of the fibrillated zone according to the 2D-FEFM 
is shown in Fig. D. 3, where the material properties PA through to SE represent those 
of the twenty rings. 
The ABAQUS input data file portion containing the definition of the various moduli 
for cylinders and rings, for both I D-FEFM and 2D-FEFM analyses, is presented after 
the figures. The syntax of the *ELASTIC command for transverse isotropy is: 
EI 1, E22, E33 , v12 , v13, v23, G12, G13, 
G23 





















































f *ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.015 0.083 '0.015 0.330 0.400 0.330 '0.005 0.0005 0.005 
*EXPANSION, TYPEýORTHO 
4.14E-5 , -5.20E-6 4.14E-5 *MATERIAL, NAME=SURF2 
*DENSITY 
1.000000 
*F-LASTIC, TYPE=ENGINEERING CONSTANTS 
0.010 0.053 '0.010 0.330 ý0.400 0.330 0.003 0.0007 0.003 
*F, XPANSION, TYPE=ORTHO 
4.14E-. 5 , -5.20E-6 4.14E-5 *MATERIAL, NAME=SURF3 
*DENSITY 
1.000000 
*ELASTIC, TYPE=ENGINEERING CONS, --rANTS 
0.009 0.041 '0.009 0.330 0.400 0.330 0.003 0.0007 0.003 
*EXPANSION`fTYPE---ORTHO 
4.14E-5 , -5.20E-6 r 4.14E-5 *MATERIAL, NAME=SURF4 
*DENSITY 
1.000000 f *ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.007 0.034 0.007 0.330 r0.4000.330 0.002 '0.0008 0.002 
*EXPANSIONrTYPE=ORTHO 
4.14E-5 -5.20E-6 4.14E-5 




*EI, ASTIC, TYPE=ENGINEERING CONSTANTS 
0.009 0.047 '0.009 
0.330 0.400 0.330 0.003 0.0005 
0.003 
*EXPANSION, TYPE=ORTHO 
4.14E-5 , -5.20E-6 4.14E-5 
ý, MATERIAL, NA-ME=PB 
*DENSITY 
1.000000 f 
*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.010 0.056 '0.010 0.330 f0 
400 0.330 0-003 0.0005 
0.003 
*EXPANSI0N, TYPE=ORTH0 





*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.013 0.074 0.013 0.330 0.400 0.330 0.004 0.0005 
0.004 
-*EXp. ANSION, TYPEýORTHO 
4.14E-5 -5.20E-6 4.14E-5 
RJAL, NAME=PD * ý, zý, i, F 
*DENSITY 
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1.000000 1 *'r-LASTIC, TYPE=ENGINEERING CONSTANTS 




, -5.20E-6 4.14E-5 *MATERIAL, NAME=PE 
*DENSITY 
1.000000 
f *ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.021 0.114 fO. 021 0.330 0.007 
*EXPANSION, TYPE=OR-IHO 





0.006 0.030 0.006 0.330 
0.002 
*EXPANSION, TYPE=ORTHO 




*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.007 0.036 0.007 0.330 
0.002 
*EXPANSION, TYPE=ORTHO 




*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.009 f0.047 '0.009 0.330 0.003 
*EXPANSION,, TYPE=ORTHO 




*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.012 0.060 0.012 0.330 
0.004 
*EXPANSION, TYPE=ORTHO 




*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.014 0.073 0.014 0.330 
0.005 
*EXPANSION, TYPE=ORTHO 





*ELASTIC, TYPE=ENGINEERING CONSTANTS 








*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.006 0.028 0.006 0.330 
o. 002 
*EXpANSION, TYPE=ORTHO 




, 0.400 0.330 '0.005 0.0005 
, 0.400 0.330 0.; 1'07 0.0005 
, 0.400 0.330 0.002 0.0007 
, 0.400 0.330 0.002 0.0007 
, 0.400 0.330 0.003 '0.0007 
, 0.400 0.330 0.004 0.0007 
, 0.400 0.330 
0.005 0.0007 
, 0.400 
0.330 0.0017 0.0007 












*ELASTIC, TYPE=ENGINEERING CONSTANTS 




, -5.20E-6 4.14E-5 *MATERIAL, NAME=RD 
*DENSITY 
1.000000 
*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.010 0.046 '0.010 0.330 0.400 0.330 0.003 0.0007 0.003 
*EXPANSION, TYPE=ORTHO 




*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.012 0.056 0.012 0.330 0.400 0.330 0.004 0.0007 
0.004 
*EXPANSION, TYPE=ORTHO 




*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.004 '0.019 0.004 0.330 0.400 0.330 0.0015 0.0008 
0.0015 
*EXPANSION, TYPE=ORTHO 




*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.005 0.023 0.005 0.330 0.400 0.330 fO. 0018 0.0008 
0.0018 
*EXPANSION, TYPE=ORTHO 




*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.007 0.030 0.007 0.330 0.400 0.330 0.002 '0.0008 
0.002 
*EXPANSION, TYPE=ORTHO 




*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.009 0.038 '0.009 , 
0.330 0.400 0.330 0.003 0.0008 
0.003 
*EXPANSION, TYPE=ORTHO 





*ELASTIC, TYPE=ENGINEERING CONSTANTS 
0.010 0.047 '0.010 0.330 0.400 
0.330 0.003 fO. 0008 
0.003 
*EXPANSIONfTYPE=ORTHO 










APPENDIX E Pressure Dependent Yield 
In plasticity theory, the von Mises cylinder is commonly used to represent the Yield 
surface in three-dimensional principal stress space as shown in Fig. EA [65]. The 
cylinder is oriented with its axis equally inclined to the principal stress axes, 
coinciding with the hydrostatic line, and has radius q2. Glield . If the stress state within 
the body falls within the yield surface, then linear-elastic behaviour will prevail. 
However, when the stress state falls on the yield surface, the onset of plasticity takes 
place. One of the basic postulates of classical plasticity theory is that yielding is 
independent of the dilatational stress component and thus a function of only the 
deviatoric stress [45]. This results in the von Mises yield surface cylinder having its 
axis coincident with the hydrostatic line, where, irrespective of the value of the 
dilatational stress, the yield stress will be constant. 
Polymer matrices (as well as granular materials) exhibit pressure dependent yield 
where the yield stress is a linear function of the dilatational stress. Thus the yield 
surface, attributed to Drucker and Prager [64], is conical and is also orientated with its 
axis coincident with the hydrostatic line, Fig. E. I. The cone angle, y, is known as the 
pressure dependent yield angle (or friction angle for granular materials), since it 
defines the magnitude of the dependency of the yield stress on the dilatational stress 
component. Hence the larger the dilatational stress, the larger will be the 




Fig. E. I von Mises and Drucker-Prager yield surfaces 
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